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ABSTRACT

An experimental program was conductedto investigate performance and
demonstrate regenerative cooling with flox/methane propellants at conditions
suitable for a small pump-fed engine (5000-1bfthrust at 500 psia chamber
pressure). Test hardware evaluated included fixed-thrust injectors, a
throttling injector, water-cooled thrust chambers and regeneratively-cooled
thrust chambers. The fixed-thrust injectors were tested in both water-cooled
and regeneratively-cooled thrust chambers. The throttling injector was
evaluated over a 5 to 1 thrust rangeusing water-cooled chambers. Good
durability was demonstrated in long duration firings by fixed-thrust and
throttling injectors having concentric tubeelements. Highest performance
was obtainedwith a fixed-thrust injector using a 52-in. L* chamber; c*
efficiency was above96%over the 4 to 6 mixture ratio range and the peak
measured specific impulse (with 60 to 1 expansionratio) was slightly above
400 seconds. Regenerative cooling was demonstrated at 500psia chamber
pressure and over the 4.2 to 5.5 mixture ratio range. Goodthrust chamber
durability was obtained with an injector providing low thrust chamber heat
fluxes. However, throat erosion occurred with a high heat flux, high-per-
formance injector at combustion-side wall temperatures near the design
value (1700°F). These results indicate that a wall temperature limit has
been reached, and in future chambers, the throat station design wall
temperatures will have to be decreasedto obtain gooddurability.
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%
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%
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lbm/sec
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lbm/sec
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in.

in.

in.
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in.
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%

%

%

%

%
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SECTIONI
INTRODUCTION

Thehigh energy space storable class of liquid propellants is very
attractive for future long duration interplanetary missions because of the

substantial payload increases offered when compared with earth storable
propellants. Space storable propellants are dense, have high specific
impulse, and provide hypergolic ignition characteristics. By definition, the
fuel and oxidizers have high enough boiling points and sufficiently compatible

liquid temperature ranges for long-term space storage. Typical space
storable propellant combinations include: (1) the light hydrocarbon fuels
such as methane, ethane, and propane, together with either oxygen difluride

or fluorine-oxygen mixtures (flox), (2) diborane with oxygen difluoride and
(3) the hydrazine base fuels with fluorine. Within this group the light hydro-
carbon fuels are the only ones that can provide the active thrust chamber

cooling capability required to permit reliable long duration operation. The
hydrocarbon fuels are also good turbine working fluids and hence can be used
in pump-fed systems operating at higher combustion chamber pressures than
other space storable fuels. This characteristic results in a performance

advantage for the light hydrocarbon fuels because, within a given envelope,
expansion ratio can be increased directly with chamber pressure.

The objective of the work reported herein, which was conducted under
Contract NAS3-11190, was to investigate the regenerative cooling capabilities
and performance of the light hydrocarbon fuels when used with fluorinated
oxidizers at chamber pressures suitable for low-thrust pump-fed engines.
The program tasks are given in table I. The first task involved an analytical
study to determine regenerative cooling limits for methane, ethane, propane,
Butene-1, and a methane-ethane fuel blend when used with flox and OF 2. The
chamber pressure range of 100 to 1000 psia and the thrust range from 1000 to
20,000-1b were considered. Because methane was shown to have good regen-

erative cooling capabilities (and it has, when combined with flox, the highest
theoretical specific impulse of the light hydrocarbon/fluorinated oxidizer

propellant combinations), flox/methane was selected as the propellant
combination for subsequent experimental evaluations under Tasks II through
VII.

The results of the Task I analytical studies were presented in reference
1. Experimental work accomplished under Tasks II through VII is described
in this report. The design point conditions for the program test hardware

were 5000-1bfthrust and 500-psia chamber pressure. Injectors and water-
cooled thrust chambers were designed, fabricated, and test-fired in initial
experimental efforts (Tasks II, HI, and IV) to develop a high performance
fixed-thrust injector and to obtain thrust chamber heat transfer data. A
regeneratively cooled chamber was subsequently designed (using heat transfer
data from the water-cooled chamber tests), fabricated, and tested under
Task V. Under the remaining two tasks (Tasks VI and VII) a dual orifice
throttling injector was designed, built, and tested.



Table I. Contract NAS3-11190Program Tasks

Task Description

I

II

III

IV

V

VI

VII

Regenerative CoolingAnalysis

Hardware Design andAnalysis

Fixed Thrust Injector Development Tests

Water-Cooled ChamberAltitude Tests

Regenerative CooledChamber Tests

Throttling Injector Design and Fabrication

Throttling Injector Tests

Detailed discussion of the program effort is provided in the remaining
sections of this report. To facilitate presentation, it has been organized
by hardware type rather than task item. The fixed-thrust injector hardware
and water-cooled thrust chamber hardware are described in Sections IV and V

respectively, and Section VI discusses the testing in which they were both
evaluated. Regeneratively cooled thrust chamber hardware is described in
Section VH, with testing covered in Section VIII. Sections IX and X are
devoted to the throttling injector.

Both the water-cooled and regeneratively cooled thrust chambers built
under the program were of THERMAL SKIN ® construction. THERMAL SKIN

is a registered trade name for an advanced nontubular thrust chamber concept
developed by P&WA. THERMAL SKIN chambers consist of circumferential
segments like barrel staves (figure 1) each of which is a bonded sandwich of

two or more plates into which coolant passages are chemically etched.
Details of the design and fabrication of the THERMAL SKIN chambers are
given in this report.

The dual orifice injector evaluated in the program uses a throttling
concept that P&WA evolved from turbojet fuel injection systems. The
feasibility of dual orifice injectors for rocket engine applications has been
demonstrated in past Air Force sponsored contracts and independent P&WA
research programs. The injector designed in this program was based
heavily on this previous experience. The dual orifice injection principle
and P&WA's experience are described in Section IX.



Figure 1. THERMAL SKIN®Thrust
Chamber Construction

FD 27348



SECTIONII
SUMMARY

This report describes the results of an experimental program conducted
to demonstrate high performance injectors, for fixed-thrust and throttling, and
regenerative thrust chamber cooling with flox/methane propellants at conditions
of interest to NASA for a small pump-fed engine (5000-1bf thrust at 500-psia
chamber pressure).

In initial experimental efforts, fixed-thrust injectors were designed and
tested in a water-cooled thrust chamber instrumented to permit determination
of axial and circumferential heat flux profiles. Two injector types, a concentric-
element and a four-oxidizer-on-one-fuel, pentad-element were evaluated in the

effort. Because the intended use of these injectors was with a regeneratively
cooled thrust chamber, both were designed for injection of the methane fuel as

a gas. The concentric-element injector had swirlers for the liquid oxidizer and
concentric fuel orifices configured to provide "converging fuel streams." Both
of these features were provided to enhance flox atomization.

The pentad was eroded severely in its first test and no performance data
were obtained with it. The converging fuel stream injector was tested with
three different fuel faceplates, with two different combustion chamber charac-

teristic lengths (L*'s of 30 and 52 in. ), and over the 4 to 6 mixture ratio range.
It proved to be very durable and, with a low porosity (40 scfm) Rigimesh face-
plate in the longer L* chamber, provided a c* efficiency of 96.2% at a mixture
ratio of 5.75, to slightly exceed the performance goal of the contract. Perform-

ance increased with decreasing mixture ratios, but decreased with (1) a reduc-
tion in chamber L* from 52 to 30 in. and (2) an increase in the faceplate
porosity.

Thermal data obtained in the initial injector tests showed that heat transfer
rates for a given injector configuration were nearly independent of mixture ratio

but that the level can be changed dramatically by modifications to the injector.
For example, the converging fuel stream injector with a low porosity (40-scfm)
Rigimesh faceplate demonstrated a chamber heat transfer rate that was 90% of

the theoretical level* at a mixture ratio of 5.0, whereas with a higher porosity
(100-scfm) Rigimesh faceplate, the heat transfer was decreased to 65% of the

theoretical level. This reduction was realized with only about a 1% performance
degradation.

Later in the program, another concentric-element injector in which the
spuds near the OD were "scarfed" to divert the oxidizer spray away from the
chamber wall was designed and two configurations, with different extents of
scarfing were tested. Reductions in chamber heat fluxes from those demon-

strated by the converging fuel stream injector were realized as a result of the
scarfing and furthermore, the reductions were a direct function of the degree of
spud scarfing. The degree of scarfing had no significant effect on performance.
Essentially the same performance was demonstrated by both scarfed configura-
tions; however, the level was lower than that of the converging fuel stream con-
figuration. These results, together with those obtained with the converging fuel

*Based on Bartz Short-form Prediction
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stream injector, illustrate the type of injector modifications that canbe
employed to tailor chamberheat transfer rates in future regenerative thrust
chamber work.

Regenerative cooled thrust chamberstested in the program were designed
for the heat transfer rates measured in the water-cooled chamber tests with the
highest performance injector configuration. THERMAL SKIN® construction was
used exclusively. One chamber was fabricated as part of the contracted pro-
gram and two chambers were fabricated independently. Becausethe chambers
fabricated independentlyby P&WAwere tested with contract injectors, the
results obtained are included herein. Fabrication methods and techniques were
progressively improved while constructing the three chambers. Two improve-
ments made in fabrication methods that are noteworthy are thoseused for joining
etched plates and for joining the circumferential elements (or staves) on their
edges. Initially the etched plates were brazed together; however, diffusion
bonding was ultimately used as a meansof eliminating the relatively low tem-
perature braze joint. Braze joints are vulnerable to overheating in subsequent
welding operations and contribute to coolant passage-to-passageflow variations
because the braze filler material fillets indiscriminately in coolant passage
corners. Regarding the stave edgejoining methods, the edgeswere manually
Tungsten-Inert-Gas (TIG) welded in the first chamber. Electron Beam (EB)
welding was demonstrated for the application and eventually substituted in later
chambers because it is more controllable, provides a narrow full penetration
weld, and results in less heat input to the part.

In tests with the first two thrust chamber assemblies, seam erosion prob-
lems were encountered. The erosion was attributed to abnormally large dis-
tances between passages at the seams, aggravated by low coolant flow in some
of the passages adjacent to the seams. Additional cooling was provided in the
seam areas at the throat of the third thrust chamber assembly (which was of

sectional construction). With this latter chamber, good durability was demon-
strated at mixture ratios up to 5.5 using a lower-heat-flux, scarfed element

injector configuration. However, throat erosion did occur in a later test with
the converging fuel stream injector that produced wall temperatures nearly
equal to the maximum design value (1700 ° F). These results indicate that a wall
temperature limit for the nickel combustion-side material in the flox/methane

combustion environment has been reached and that, in future chamber designs,
wall temperatures will have to be reduced to achieve good durability with high
performance injectors. Since good durability was demonstrated at wall tem-
peratures of 1400°F in the program, the safe design wall temperature has at
least been bracketed.

High specific impulse levels and thrust coefficient efficiencies were
demonstrated in simulated altitude tests with water-cooled and regeneratively-
cooled thrust chambers of 60 to 1 expansion ratios. The converging fuel stream

injector with the 40-scfm Rigimesh faceplate provided highest performance. In
water-cooled chamber tests with this injector, the measured vacuum specific
impulse was above 389 sec over the 4 to 6 mixture ratio range and the peak
value was 396 sec at a mixture ratio of 5.0. At approximately the same mixture
ratio, but in a regenerative chamber test with the same injector, the measured
specific impulse was 400.3 sec. With this injector and others, thrust coefficient

efficiency data obtained in the program indicate that nozzle kinetic losses are
approximately 1% or less at 500 psia chamber pressure.



A dual orifice throttling injector was designed, fabricated and tested with
a water-cooled chamber as the final part of the program. The injector was a
concentric-tube design into which dual orifice elements were incorporated to
provide the throttling feature. The dual orifice injector was evaluated in long
duration firings at chamber pressures of 500, 250, and 100 psia. Stable com-
bustion was achievedat all chamber pressures, but performance was low at
100-psia chamber pressure. At the 100psia chamber pressure level and a
mixture ratio of approximately 5.0, c* efficiency was only 88%. At a comparable
mixture ratio, but at higher chamber pressures (500 and 250psia), c* efficiency
was at a respectable level (96%). These results indicate that additional work is
required to achieve acceptable performance for throttling with the flox/methane
propellant combination.
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High delivered impulse performance can be obtained with the flox/
methane propellant combination. High c* efficiencies are achievable

with good injector design; furthermore, nozzle kinetic losses are
approximately 1% or less and thus high thrust coefficient efficiencies
are also obtainable.

Injector design has a dramatic effect on thrust chamber heat transfer
rates. Injector features that reduce local mixture ratios near the
thrust chamber wall in relation to the nominal operating value can
effect significant reductions in heat transfer from the theoretical
level.

Regenerative cooling using methane at the low thrust (5000-1bf),

moderately high chamber pressure (500-psia) conditions evaluated
in the program is feasible. With chamber heat fluxes near theoret-
ical values in some chamber locations (using the highest perform-

ance injector), the methane fuel had sufficient heat capacity to main-
tain the coolant exit temperature at a tolerable level.

A regeneratively cooled THERMAL SKIN ® thrust chamber is prac-
tical with flox/methane propellants. Good chamber durability was

demonstrated in the program with combustion-side wall temperatures
up to 1400°R, but throat erosion was noted at wall temperatures near
the design value of 1700 ° R. Thus these temperature levels bracket
the safe design wall temperature for THERMAL SKIN chambers con-
structed using nickel as the combustion-side wall material, and a
lower design value must be used.

Dual orifice injectors can provide throttling capability with flox/
methane propellants. Stable combustion was achieved over a 5 to 1
thrust (and chamber pressure) range in the program. Performance
was at acceptable levels at the higher chamber pressures (500 and
250 psia), but it dropped to a low level at 100-psia chamber pressure
and thus additional throttling injector work is needed to overcome

this deficiency.



SECTIONIV
FIXED THRUST INJECTORHARDWARE

A. GENERAL

Three fixed-thrust injectors were designed, fabricated and tested in the
program. The objective of the effort was the development of an injector that
would be suitable for use with a regenerative cooled thrust chamber. The
design point thrust and chamber pressure levels were 5000 lbf thrust and
500 psia chamber pressure. The performance goal for the injector was a char-
acteristic exhaust velocity efficiency of 96% of the theoretical shifting equilib-
rium value at the optimum mixture ratio (5.75) for the highest theoretical
specific impulse performance for flox/methane propellants. Because of their
intended use with a regenerative thrust chamber, the injectors were designed
for injection of the methane fuel as a gas. In this section, the fixed-thrust
injectors are described, and injector design considerations and water flow tests
made during the program are discussed.

B. DESCRIPTION

Two of the injectors had concentric-tube type injection elements and the
third had four-oxidizer-on-one-fuel pentad elements: The concentric element

injectors (figures 2 and 3) had 65 elements and the pentad injector (figure 4) had
68 elements. Injector characteristic dimensions and operating conditions are
summarized in table II.

Fuel gap spacers and hydraulic swirler caps were utilized on both concentric
tube injectors. The spacers keep the oxidizer spuds concentric with the fuel ori-
fices. The hydraulic swirlers represent an adaptation of a design that has been
used successfully by P&WA in high pressure O2/H2 injectors. The swirler caps
have three slots that are machined from their OD to meet the 113tangentially. The

cap ID is equal to the spud ID and hence the flox flow through the slots sets up a
strong vortex flow in the spud, which in turn provides a spray of finely atomized
droplets of uniform size upon injection. Each of the swirler caps is an individual
part brazed into the back of the spud plate. Use of separately fabricated caps facil-
itates flow distribution control through selective assembly, since each cap can be
flow checked before being used in an injector. By fabricating more caps than re-
quired it was possible to select caps whose flow calibrations matched within +2% for

the first assembly (converging fuel injector). In the second (scarfed element)
assembly, the variation was reduced to +1%.

In the converging fuel stream injector (figure 2), the fuel is injected so
that it converges onto the oxidizer stream to enhance atomization. In the scarfed
element injector, the fuel is injected axially. Spud scarfing was used as a means
of altering spray patterns so that the oxidizer from the outer row elements was
diverted away from the chamber wall to reduce heat transfer rates. Two con-
figurations of the scarfed spud injector were evaluated. Originally (configura-
tion I) the spuds in the outer two rows were scarfed; the scarf angle for the

outer row (fourth row) was 45 deg while that for the third row was 22.5 deg.
For configuration II, the injector was reworked to reduce the spud scarf angles.
The scarf angle of the outside row was reduced from 45 deg to 22.5 deg and spud
scarfing of the third row was eliminated (i. e., the spuds in the thi:rd row were
machined flush).

8



VIEW A 

Figure 2. Converging Fuel Stream Injector FD 23566A 

For all injectors, the oxidizer spud plates were constructed of nickel 
because of its good fluorine compatibility. The backplates were constructed of 
Inconel for strength and were welded to the spud plate with a circumferential 
weld. 
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Figure 4. Pentad Injector FD 23567A 

Mechanical features differed with respect to the method of attachment of 
the faceplate to the oxidizer spud plate. In the concentric element injectors, 
seven screws were used for  the attachment, while in the pentad injector, welds 
around nine of the oxidizer posts provided attachment. Thus in the swirler 
injectors, the fuel parts can be disassembled from the oxidizer to facilitate 
cleaning and passivation. The fuel manifold, the fuel faceplate, and the fuel gap 
spacers are a bolt-on type. In the pentad injector, because the faceplate is 
welded to the oxidizer posts, disassembly requires machining. 

t 
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Table II. Fixed-Thrust Characteristics, Dimensions,
and Operating Conditions

Converging
Fuel Scarfed

Stream Element Pentad

Oxidizer orifice diameter, in.

Oxidizer swirler slot area to
orifice area ratio

Fuel orifice dimension, in.

Number of elements

Design oxidizer injector
pressure drop*, psi

Design fuel injector pressure
drop*, psi

Design fuel-to-oxidizer
momentum*

*Mixture ratio = 5.75

0.082 0.095 0.032

1.0 1.0 -

0o 007 0o 009 0. 060

(gap) (gap) (diameter)

65 65 68

135 65 135

200 100 200

2.0 2.0 2.0

The design was intended primarily for use of porous faceplates, although
an alternate solid copper faceplate was tested. The porous material used was
Rigimesh*, which is available in varying porosities. Table III lists the face-
plates that were built for each injector. The alloy, from which the Rigimesh
was formed was N-155 Multimet (an iron base alloy), which is the same mate-
rial that has been used successfully in RL10 injectors. With the 40-scfm face-
plates, approximately 15% of the fuel is injected through the Rigimesh for
transpiration cooling. The flow is proportionally higher for the 100-scfm face-
plate. All faceplates have a machined step at their OD which fits into a mating
step at the fuel manifold ID. A tight fit between the two parts minimizes leakage
at the faceplate OD.

C. DESIGN

Several injector design guidelines were established, based on experience
obtained in previous injector research programs involving the flox/light hydro-

carbon fuel propellant combinations, at lower chamber pressures and fluorine/
hydrogen at comparable to, or higher than, the design chamber pressure
(500 psia). These guidelines were:

. The oxidizer injector should be designed to utilize the flox injection
momentum for self-atomization. In flox/methane tests using RL10

*Rigimesh is a registered trade name for a woven and sintered wire mesh
material made by Aircraft Porous Media, Inc., Glen Cove, N.Y.
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injectors at 250-psia chamber pressure, significant improvements
were achieved by incorporation of swirlers in the oxidizer orifices
of the concentric tube elements to enhance atomization (reference 2).

The maximum number of injection elements that can be incorporated
into the injector face should be used to minimize the flox orifice

size, thereby enhancing atomization. A maximum injector element
density configuration also minimizes element spacing which, in turn,
leads to good interelement gas phase mixing (reference 3).

The fuel-to-oxidizer injection momentum ratio should be high. High

momentum ratios, and hence high-velocity-fuel streams, enhance
flox atomization and intra-element mixing. In practically all past
programs with both fluorine/hydrogen and flox/light hydrocarbon
propellants, involving liquid-liquid and gas-liquid injection and both
impingement and concentric tube injectors, a general trend of
increasing performance with increasing fuel-to-oxidizer injection
momentum ratio has been observed (references 2, 4, 5, 6, 7, 8,
and 9).

The injector should have a flat injection mixture ratio profile. A
uniform mixture ratio distribution at the injection plane improves
performance and reduces the requirements for downstream inter-
element mixing. With F2/H 2 propellants (reference 9), it was
found that tailoring of the fuel and oxidizer injection orifice dis-
charge coefficients, to ensure a flat mixture ratio profile, is a
prerequisite for achievement of high c* performance at high mixture

ratios. A flat injection mixture ratio profile is considered to be
even more important for flox/methane at its optimum mixture ratio

(5.75), because the theoretical characteristic exhaust velocity curve
peaks rather sharply at this mixture ratio value and, therefore,
deviations in either an oxidizer-rich or oxidizer-lean direction will

produce a performance loss.

Table III. Fixed-Thrust Injector Faceplates

Injector Faceplates

Converging Fuel Stream

Scarfed Element

Pentad

40-scfm* Rigimesh
100-scfm Rigimesh
Solid Copper

40-scfm Rigimesh

100-scfrn Rigimesh
40-100-scfm Rigimesh
Solid Copper

40- scfm Rigimesh
100-schn Rigimesh

*Flowrate of air per square foot at a pressure drop of 2 psid.
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The concentric tube and pentad injection elements were selected based on

the foregoing design guidelines and single-element water flow tests (the results

of which are given in paragraph E below}. For these configurations, preliminary

injector layouts were then accomplished to determine the maximum element

density that could be achieved. It was found that because of the combined effect

of a moderately high chamber pressure (500 psia} and a relatively low thrust

level (5000 lbf), the maximum injector element density that could be achieved in
the small-face-area injector would be approximately 3 elements/in. 2. Based on

these results and the Task I heat transfer studies, that showed the chamber heat

transfer to be reduced at higher contraction ratios, a contraction ratio of 4 (and

a corresponding face diameter of 5.20 in. ) was subsequently selected. With this
contraction ratio, the thrust/element size can be kept at a low level (approxi-

mately 75 lbf thrust/element}, and t_hus in a range conducive to high performance.

Figure 5 illustrates the design point.
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Figure 5. Relationship Between Chamber GS 10674
Contraction Ratio, Injector Element

Density and Injector Thrust/Element

The injector pressure drops were set based on stability and atomization

considerations, and the desire to have a high fuel-to-oxidizer injection momen-

tum ratio. Since the intended application for these injectors was in a pump-fed
engine, pressure drops could be higher than those in pressure-fed engine injec-

tors. The oxidizer injector design pressure drop was 135 psi at a mixture ratio

of 5.75 for the converging fuel element injector and the pentad injectors. The

corresponding design pressure drop for the oxidizer side of the scarfed-element

injector was 65 psi. It was set at a lower level to accommodate operation at

chamber pressures up to 1000 psia. With these relatively high pressure drops,

chugging-type instability should not occur; furthermore, as will be shown below,
atomization should be adequate. The fuel injector drop was set so that the fuel-

to-oxidizer injection momentum ratio would be 2.0 at a mixture ratio of 5.75.

This resulted in a design fuel pressure drop of approximately 200 psi for the
converging fuel stream and pentad injectors and 100 psi for the scarfed-element

inj actor.
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The levels of atomization provided by the selected injector elements were
calculated using the relationships compiled by Northern Research for P&WA.
A correlation derived for two impinging streams (a doublet) was used to provide
a representative atomization level for the pentad element, which had four liquid
streams impinging. The calculated mean droplet diameters for the injectors at

design point conditions were:

Converging fuel stream injector

S ca rfed- element inj e cto r

Pentad injector

80 microns

108 microns

116 microns

All of these values were derived neglecting the atomizing effect of the gaseous

fuel. The atomization requirements for complete vaporization of the flow were
established using the effective length vaporization criterion of Priem and
Heidmann (reference 10). From this reference, the vaporization curves given
in figure 6 were derived as a function of mean droplet size and drop size distri-
bution; the latter factor is characterized by standard deviation, (_. * The droplet
size distribution for hydraulic swirlers has been measured by the Delavan Manu-
facturing Company for P&WA. The results show that the distribution corresponds
to that described by a standard deviation of 1.5. From tMs result and from fig-
ure 6, it can be concluded that the hydraulic swirlers used on the converging fuel
stream and scarfed-element injectors will provide adequate atomization. Although
the drop size distribution for impingement elements has not been measured by
P&WA, reference 10 indicates that these sprays have q's between 1.5 and 3.7.
For this range of standard deviations, the mean droplet size is small enough,
(figure 6) that complete vaporization should also be obtained with the pentad
element.

__ I njector

Scarfed-Element Injector
Converging Fuel Stream Injector

L* = 30 in.

ec = 4

-- T O = 165 deg

-- ._ = Priem and Hiedmann
Effective Length Factor

-- WJ = 40 = 10 = 1.0

t

0.01

MEAN DROPLET RADIUS - in.

_ 0.1

° li[ 
0.001 0.1

Figure 6. Vaporization Curves for Flox GS 10676B

*With a standard deviation (0") of 1. 0, all droplets in the spray would be the same
size. Larger values of _ correspond to a larger range of droplet sizes. For
example, with a spray distribution of a = 3.7, an appreciable portion of the
total mass (4%) is in droplets that are 10 times the median droplet size.
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A flat mixture ratio injection profile was another desirable feature for the
injectors. To achieve flat mixture ratio profiles in the concentric element injec-
tors, the swirler caps on the outer row near the chamber wall were designed
with slightly higher (10%)discharge coefficients (CD) than those on the inner
rows. These larger CD swirlers inject proportionally more flox flow through
the outer row, which compensatesfor the fuel flow that is injected through the
permeable faceplate betweenthe outer row and the chamber wall. In the pentad
injector, special tailoring of the orifice sizes was not required to achieve a
nearly flat injection mixture ratio profile.

D. INJECTOR COLD FLOW TESTS

Injector cold flow tests were made to obtain spray pattern photographs,
calibration data, and mass and mixture ratio profiles. Figure 7 showsphoto-
graphs of the injector spray patterns at approximately operating pressure drops.
Included are (1) photographsof the injectors with water flow through the oxidizer
sides only and (2) photographs of spray patterns obtained with gaseousnitrogen
flowing through the fuel side andwater flowing through the oxidizer sides of the
injectors. These photographs illustrate (1) the enhancementof atomization by
gas injection and (2) the effect of spud scarfing on the spray pattern.

The injectors were calibrated to determine the effective flow areas of
(1) the oxidizer injector, (2) the fuel injector, and (3) the Rigimesh faceplates.
Oxidizer injector calibration was accomplishedusing water; gaseousnitrogen
was used to calibrate the fuel injector and the Rigimesh. In the Rigimesh cali-
brations, the fuel injector orifices were plugged. The effective flow areas
determined during the calibration tests are given in table IV. Variations of the
measuredvalues from the design values are due to deviations in discharge coef-
ficients, dimensions and Rigimesh permeability from design values.

The measured discharge coefficients for the swirler capsused in the con-
centric tube injectors were about 10%lower than the design values. (Seetable V.)
The designvalues were obtained from measured discharge coefficients for
swirler capshaving the same slot-to-orifice (cap ID) area ratio, but different
slot and orifice dimensions, which apparently causedthe design and actual coef-
ficients to disagree. Figure 8 presents a correlation of the swirler discharge
coefficients with swirler slot-to-orifice area ratio obtained in this program.

On the fuel side, differences betweendesign andactual effective flow areas
are the result of variations in fuel gap size, Rigimesh porosities, and discharge
coefficients from design values. For example, in the converging fuel stream
injector, the OD of the oxidizer spudswere machined to the small side of the
tolerance, resulting in the average fuel gapbeing slightly larger than the design
value.

A patternator (figure 9) wasused in the cold flow tests to investigate mass
and mixture ratio profiles. The patternator has 20 sections formed by five con-
centric rings, each divided into four 90-deg segments. Mass flow profiles were
obtainedby injecting water through the oxidizer and fuel sides of the injector in
separate tests. Figures 10 and 11 showthe oxidizer and fuel injection profiles
obtained at the injection plane for the three injectors. In most cases, the profiles
compare favorably with the constantmass flux design curve. The mixture ratio
profiles (figure 12)were obtained from the fuel and oxidizer mass flux profiles.
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SWIRLER CAP SLOT-TO-ORIFICE AREA RATIO 

Figure 8. Swirler Cap Discharge Coefficient vs FD 44783 
Swirler Cap Slot-to-Orifice Area Ratio 

Figure 9. Injector Patternator 
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E, SINGLE ELEMENT INJECTOR COLD FLOW TESTS

At the beginning of the program, several injector elements were evaluated

in cold flow tests. The objective was to investigate atomization and mixing
characteristics provided by different elements and to select the two most prom-
ising element configurations for incorporation into the first two injectors to be

designed and built under the contract. Concentric tube and impingement type
elements were evaluated.

Figures 13 and 14 illustrate the elements and present photographs of the
spray patterns obtained with each. The elements include:

,

2.

3.

4.

e

6.

7.

8.

9.

10.

Concentric tube,

Concentric tube,

Concentric tube,

Concentric tube,

no swirler, axial fuel injection

ribbon swirler, axial fuel injection

hydraulic swirler, axial fuel injection

hydraulic swirler, diverging fuel stream

Concentric tube, hydraulic swirler, converging fuel stream

60-deg triplet, two oxidizers on one fuel

90-deg triplet, two oxidizers on one fuel

Triplet fan, two oxidizer fans on one fuel

Quadruplet, two opposing oxidizers on two opposing fuels

Pentad, four oxidizers on one fuel.
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All of the injection elements were sized to have a thrust/element of approximately
75 lbf. In the cold flow tests, water and gaseous nitrogen were used to simulate
the oxidizer and fuel respectively.

The spray patterns shown in figures 13 and 14 were photographed using an
open shutter camera and a short flash duration (0.8 _tsec). This microflash
camera technique provides a more critical photograph of the spray pattern than
that obtained with a low-shutter-speed camera, which reflects visually observed

spray patterns.

Figure 13 shows spray patterns obtained with concentric tube injectors.
The pattern obtained with a conventional concentric tube element, i.e., one that
has axial fuel injection and no oxidizer swirler, indicates that both atomization

and mixing are poor. Improvement is achieved by adding a ribbon swirler (fig-
ure 13b). The last three photographs in figure 13 show patterns obtained with

hydraulic swirler elements using axial, diverging fuel and converging fuel inj ec-
tion. Some improvement in the spray pattern is achieved when a hydraulic
swirler rather than the ribbon swirler is used. (Compare figures 13b and 13c.)
However, the best mixing and atomization was obtained with the hydraulic
swirler using converging fuel injection (figure 13e), and consequently it was
selected as the first element configuration to be evaluated in the contract.

Figure 14 shows spray patterns obtained with the impingement type ele-
ments. The spray pattern obtained with the triplet elements indicates that the
nitrogen did not penetrate the liquid impingement point and thus the droplet size

distribution and mixing are not uniform across the spray pattern. The spray
patterns obtained with the triplet fan, quadruplet and pentad elements indicated

improved mixing and droplet size uniformity. Furthermore, of the three, the
pentad element appeared to be the best and thus it was selected as the second
element configuration to be evaluated in the contract.

In initial combustion firing tests with the converging fuel stream inj ector,
good performance was obtained, but the chamber heat transfer rates were
undesirably high. Consequently, injector elements that reduced chamber heat
transfer rates were sought. The approach selected was to scarf the outer row

spuds of the injector so that the oxidizer spray would be directed away from the
wall. To verify that the scarfing technique would be effective, single-element
tests were made. The photographs in figure 15 show the results. The effects
of two scarf angles (45 deg and 22.5 deg) are illustrated. In both cases the

spray is deflected from the orifice centerline which is indicated by the rod in the
background of the photographs. Based on these results the following spud con-
figurations were selected for the configuration I of the scarfed element injector.

1. For the outer element row, a scarfed spud cut so that its exit plane
is 45 degrees from the injector faceplate plane

. For the second element row in from the chamber wall, a 22.5 degree
scarfed spud

3. For the two inside element rows, unscarfed spuds.
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a. 45-dea Scarfed SDud SDrav b. 22.5-deg Scarfed Spud 
FE 82958 

c. Unscarfed Spud Spray . .  
Pattein (AP = 90 psi) Spray Pattern ( A P =  90 psi) Pattern ( A P  = go-psij 

Figure 15. Effect of Spud Scarfing on Spray F D  44728A 
Pattern 
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SECTION V
WATER-COOLED THRUST CHAMBER HARDWARE

A. GENERAL

A water-cooled thrust chamber was designed, fabricated and used in the

program during initial fixed-thrust injector tests and later in the throttling
injector tests to determine performance and chamber heat transfer data. In
this section the water-cooled chamber is described and design considerations

are presented.

B. DESCRIP TION

The water-cooled thrust chamber assembly is shown in figure 16. The

chamber was sized for 5000-1bf thrust at 500-psia chamber pressure. It consists
of three axial sections bolted t6gether to provide a thrust chamber having a

combustion chamber characteristic length (L*) of 30 in. and an expansion ratio
of 60 to 1. The combustion chamber contraction ratio is 4 to 1. A segmented

design was selected for the thrust chamber to permit: (1) the evaluation of the
effect of combustion chamber length on performance and (2) the use of the
thrust chamber hardware in both sea level and simulated altitude testing.

Addition of another cylindrical combustion chamber section increases L* to
52 in. and removal of the nozzle extension reduces the expansion ratio to 6.5

for sea level testing.

THERMAL SKIN ® construction was selected for the water-cooled

chamber because it could be incorporated easily in the segmented design. Also
it was the preferred construction approach for the regenerative thrust chamber

because of its design flexibility and relatively low cost, and thus its use in the
water-cooled chamber provided additional experience with THERMAL SKIN
fabrication techniques that was helpful in the subsequent regenerative thrust
chamber construction effort.

Each of the four water-cooled thrust chamber sections has six 60-deg
circumferential THERMAL SKIN staves. As described in Section I, a stave
consists of a brazed sandwich structure of two plates. The coolant passages

were etched in the inner (combustion side) plate. Initially, copper was selected
for the inner plate material because of its high thermal conductivity and good
etching qualities. It was used in the chamber and throat sections, but nickel
was substituted in the nozzle extension because of temporary unavailability of

copper plates of the size required.

The outer plate materials were selected so that their coefficients of
thermal expansion (a) would be nearly equal to that of the inner plate materials
to satisfy requirements for a good braze joint. In the chamber and throat
sections, where copper was the combustion side plate material, stainless
steel was used for the outer plate; in the nozzle extension, Inconel 600 was
selected for use with the nickel combustion-side plate.
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Figure 16. Water-cooled Thrust Chamber 
Assembly 

FE 81182 

The thickness of the outer plates was established to obtain adequate strength 
fo r  operation at chamber pressures up to 1000 psia; therefore outer pressure shells 
were not required for  any of the sections. 
chamber ID and small  seal welds rather than structural welds were used for  
joining the staves at the chamber OD to minimize the possibility of melting the 
braze between the THERMAL SKIN plates at their edges. Reinforcement strips 
attached to the outer plate material (see figure 17) by structural welds were 
provided to car ry  hoop loads. To increase the rigidity of the structure 
between the flanges, 1-in. deep stiffeners were welded to the reinforcement 
strips in the throat and nozzle sections as  shown in the illustration. In the 
chamber sections, 1-in. thick reinforcement s t r ips  were used without stiffeners. 

The staves were not welded on the 

The inlet and exit coolant manifolds were machined in the flanges of all 
sections. The flanges were designed to  provide separate manifolds for each 
stave element by using dams between the individual stave manifolds. (See 
figure 17.)  Separate inlet and exit stave manifolds permitted control and 
measurement of the coolant flow to each stave and, ultimately, the determination 
of circumferential heat transfer variations within a given chamber section. 
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Figure 17. Water-Cooled Thrust Chamber
Construction Details

FD 44542

Each water-cooled chamber section had intermediate coolant manifold
rings in which the midsection coolant bulk temperature measurements were
obtained to facilitate the computation of an axial heat flux profile for individual
stave elements. Twelve wall temperature thermocouples were also installed
in each section. Table VI summarizes the instrumentation provided in each
section; the locations of water-cooled chamber instrumentation are indicated
in figure 18.

C. DESIGN

1. Contour Selection

The design contour for the water-cooled thrust chamber is shown in figure

19. The 2.6-in. throat diameter was sized for the design conditions of 5000-1bf
vacuum thrust, 500-psia chamber pressure, flox/methane propellants, 5.75
mixture ratio, and 60 to 1 expansion ratio. The combustion chamber is
cylindrical, the shape being selected over a tapered configuration to facilitate
changes in L*. The contraction ratio of 4 to 1 produces a chamber diameter of

5.2 in. The ratio was selected based on the desire to keep the injector thrust/
element size in a range conducive to high performance, and to facilitate cooling.
Analytical studies under Task I of the contract for the contraction ratio range
of 2 to 4 has shown that, because of their lower heat fluxes and lower surface

areas for a given chamber L*, higher contraction ratio chambers are easier
to cool regeneratively (reference 1).
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Table VL Water-Cooled Thrust Chamber Instrumentation

Chamber Throat Nozzle

Section Section Section

Chamber pressure taps

Hot wall thermocouples

Coolant bulk thermocouples

Coolant inlet thermocouples*

Coolant outlet thermocouples

....

12 12 12

6 6 12

(one for all sections)

6 6 6

*All of the thrust chamber sections were supplied from one main supply
manifold, and therefore only one inlet temperature was required for all
sections.

The contour in the converging region of the throat section, described by
the chamber and throat radius in figure 19 was selected to minimize chamber
length. Downstream of the throat, the wall contour also has a radius of
curvature equal to the throat radius. This radius of curvature was selected

for ease of forming after an analysis of chemical kinetics, using a two-dimensional
axisymmetric computer program (reference 11), indicated no performance
advantage for a sharper radius of curvature.
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The supersonic nozzle contour was determined using a method of
characteristics solution. It was established for combustion gas properties

based on equalibrium flow conditions. The contour corresponds to that for a

minimum surface area design (reference 12); it is an ideal expansion ratio
contour of 110 to 1, truncated to 60 to 1. The exit divergence angle is 9.5-deg.

Considering divergence, friction, and flow nonuniformity in the transonic region,

a nozzle stream thrust coefficient of 97.3% was computed for the contour.

Consideration of the ideal area ratio for sea level expansion established
the truncation area ratio of the throat section. This section terminates at an

area ratio of 6.5 to 1 to provide an exhaust pressure approximately equal to

ambient and, hence, a low-expansion ratio that would not separate or overexpand

in sea level tests. By use of the theoretical thrust coefficient for the low-

expansion ratio throat section and sea level thrust measurements, an independent

check on chamber-pressure-based c* data was provided.

2. Coolant Passage Design

The coolant passages were sized using the methods described in

Appendix A. The water flowrate and the coolant pressure level were preselected.
The water flowrate for each chamber section was set so that the temperature

rise would be approximately 120°F. This temperature rise is high enough to

minimize the effect of thermocouple error on the calculated heat transfer

results, and low enough to maintain sufficient margin against bulk boiling at

the coolant pressure level used.

The coolant pressure level was set as high as possible, considering

test stand limitations, so that the coolant saturation temperature would also

be high. Hence, relatively high wall temperatures could be tolerated without

the occurrence of film boiling. High operating combustion side wall
temperatures were desired to simulate those to be used in the regenerative thrust

chamber and therefore to nullify the effect (if any) of wall temperature on

3O



carbon deposition and the latterVs resulting effect on combustion side heat
transfer. The passages were sized so that with forced convection cooling,
the maximum coolant side wall temperature would be below the local saturation

temperature.

The coolant passage geometry is summarized in figure 20. The chamber
section had 54 passages (9 passages per 60-deg segment or stave) that were
approximately square: 0. 105 in. wide by 0. 095 in. deep. In the throat section
there were 48 passages (8/stave) which were 0. 076 in. square at the throat
station. On both sides of the throat, the passage depth was held constant and
the passage width was increased proportionally with increases in thrust
chamber diameter. The nozzle extension had 84 passages that were 0. 125 in.
wide by 0.030 in. deep at its inlet. The passage depth was constant throughout
the section, but the number of passages was doubled by splitting (to keep the
passage width less then 0.200 in. as dictated by stress considerations) at the
point illustrated in figure 20.

Figure 21 presents the predicted operating conditions for the chamber
sections using the design water flowrates. The maximum coolant side and
combustion side wall temperatures are 960 and l130OF respectively at the
throat section. This former value is approximately equal to the water
saturation temperature at that point.

The wall temperatures presented in figure 21 are one-dimensional
values that were computed assuming the wall temperature was constant across
the base of the web. In checking the validity of this assumption and determining
if the combustion side wall temperature in the web area would be excessive, a
two-dimensional analysis was made to establish temperature profiles in this

area. Figure 22 shows the wall temperature profiles (and nodal system
used in the analysis) for the throat station passage and web. The two-dimensional
combustion side wall temperature on the passage center line is l160°F. This

compares favorably with a one-dimensional value of 1130OF from figure 21. Also,
the maximum two-dimensional wall temperature of figure 22 is 1190OF,

indicating that the gradient due to the web thickness is negligible.

The chamber heat flux profile predicted using the Bartz short form
technique is compared with curves reflecting burnout heat fluxes, i.e., the upper

limit heat flux for nucleate boiling, in figure 23. The burnout heat flux curves
were computed by the correlation of Bernath presented in reference 13. As
the illustration shows, a large safety margin against burnout was predicted.
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SECTIONVI
FIXED-THRUST INJECTOR, WATER-COOLED CHAMBER TESTS

A. GENERAL

Fourteen water-cooled thrust chamber tests were made in the program
with fixed-thrust injectors. Total firing time accumulatedwas 384 seconds.
All of the tests were accomplishedwith flox/methane propellants; nominal test
conditions were 5000-1bfthrust and 500-psia chamber pressure. The three
fixed-thrust injectors described in SectionIV were evaluated in the tests;
highest performance was obtainedwith the converging fuel stream injector using
a 40-scfm Rigimesh faceplate. In this section the water-cooled chamber tests
are discussed, performance andheat transfer data are presented, andhardware
durability is described.

B. TEST SUMMARY

Table VII presents a summary of thewater-cooled chamber tests.
Initial tests (Nos. 1.10 through 7.02) andtest No. 11.01 were madewith only
the combustion chamber and throat sections of the water-cooled chamber,
expanding to sea level exhaust conditions. In remaining tests, the 60 to 1
expansion ratio nozzle extensionwas installed andthe firings were made at
simulated altitude exhaust conditions. All of the tests were made in the B-29
test standof the Liquid Propellant ResearchCenter at P&WA's Florida Research
and Development Center. The test stand is described in Appendix B. Because
the objective of the testing was developmentof an injector for subsequentuse
with a regenerative chamber, the methanegas supplied to the injector was
heatedto approximately 840°R to simulate the fuel injector inlet temperature
for the regenerative mode of operation.

Typically, long duration firing tests were made to obtain performance
data at several mixture ratios while operating at 500 psia chamber pressure.
The concentric tube injectors proved to be very durable and extensive data
were obtainedwith both the converging fuel stream and scarfed element con-
figurations. However, in the only test madewith the pentadinjector {test
No. 4.02), severe face burning occurred early in the test and steady-state
performance datawere not obtained. The durability of the pentadinjector is
discussed in subsectionE.

C. PERFORMANCEDATA

1. General

Tables VIII and IX present the measured and derived data obtained in the

water-cooled chamber tests. The equations used to determine performance
parameters given in table IX are described in detail in Appendix C. Before
discussing the performance data, several general comments are noteworthy;
these are given in the following paragraphs.
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All of the measured data represent average values for 2-sec steady-state
periods in the tests. To illustrate the steadiness of parameters during the
data average periods, a typical oscillograph trace for one of the tests is shown

in figure 24. This trace also indicates the combustion stability provided by
the concentric-tube injectors. Peak-to-peak chamber pressure oscillations
indicated by the Kistler transducer were only 3 psi.

Pressure

Figure 24. Oscillograph Trace for Water-Cooled FD 49501
Chamber Test No. 17.02

(Pc = 500, r = 5.62)

Throat total pressures were determined from two chamber pressure tap
locations. In the initial tests (tests 1.10 through 11.01), a chamber tap
located just upstream of the throat was used. In tests 14. 01 and 17.02, which
were made later in the program, an injector face tap was also available. The

face tap was installed primarily for use when testing the regenerative chamber;
in that chamber the downstream tap had to be made so small that there was
concern about it becoming plugged with carbon.

Determination of throat total pressures from the two taps involved
different methods. For the downstream tap, the measured value corresponds
to a static pressure which was converted to a total pressure by multiplying
by 1. 015 (the total-to-static pressure ratio from one-dimensional isentropic
flow relationships for the chamber contraction ratio of 4). The pressure
measurement at the injector face tap represents a total pressure before

combustion. It was reduced to a throat total pressure by multiplying by
0. 9862 to account for a momentum loss of 1.38% determined using the method
described in reference 14. Throat total pressures calculated using measure-
ments at the two separate taps are compared in table X for test 17.02. The
two sets of data agree quite well; the largest difference is 2.9 psia, or about 0.6%.
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Table X. Comparison of Throat Total Pressures (Test 17.02)

Time After Test
Start, see

Throat Total Pressure

Calculated Using Injector
Face Tap Measurements

Calculated Using Chamber
Tap Measurements

11 499.5* 502.0*

21 500.3 502.8

30 500.2 499.4

39 499.9 499.2

48 499.9 498.0

57 500.0 502.9

*All data represent 2-sec averages for time period starting at the time shown.

The characteristic exhaust velocity c*(pc) and the thrust coefficient
CFvac , were calculated using standard equation's; however, the throat area
term used in the equations was the product of the measured area multiplied by
a discharge coefficient of 0. 985. This value was calculated for the geometry
of the throat and combustion chamber using methods described in Appendix B.

The effect of using a discharge coefficient less than 1.0 is to lower C*(pc) and
raise CFvac.

The theoretical values used in calculating the vacuum specific impulse

efficiency (_TIvac) and the c* efficiency _c*(pc)were established for the measured
inlet propellant conditions and corrected to'account for the measured chamber

heat losses. The thrust coefficient efficiency, _CFvac , was determined by

dividing T}Ivac, by 7/c* Pc)- The parameter _C*(F), shown in the table, repre-sents a c efficiency _etermined from thrust measurements during sea level

tests. It was obtained by dividing the _/Ivac values for the sea level tests by a
theoretical thrust coefficient efficiency of 91.3% for the 6.5 to 1 expansion ratio
sea level nozzle.

2. Performance Comparisons

Performance data were obtained with the concentric-tube injectors using

different faceplates. During the course of the program tests were made with
two different chamber characteristic lengths, and at both sea level and altitude-
simulated exhaust conditions. The mixture ratio range covered was 4 to 6;
data obtained are discussed below.

Figure 25 compares the c* efficiency data computed from thrust and
chamber pressure measurements for sea level tests of the converging ftiel stream
injector. Good agreement was obtained at mixture ratios below approximately 5.0.
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Above this mixture ratio level, the thrust-based data are lower than the Pc-
based data. The cause for this disagreement is shown in the lower curve of the

illustration: the measured thrust coefficient efficiencv decreased at higher mix-
ture ratios while the theoretical thrust coefficient efficiency did not. The
theoretical value of 91.3% accounts for divergence, frictional, and subsonic losses,
but not for chemical kinetic effects which are a function of mixture ratio. There-

fore it is possible that this phenomenon caused the disagreement.
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[Symbol Test No. Injector

| G 1.01 Converging Fuel Stream, 40 scfrn

| O 3. 0l Co_verglng Fuel Stream, 40 sefm

| <_ 7.02 Converging F_I Stream, 40 schn

F_el Streamt Copper

L*

30

30

30

931

_;;__9 _
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fT_eoretical

4 5 6

CHAbIBER ldlX'rut_E RATIO

Figure 25. Comparison of Thrust and Chamber

Pressure Based Injector Performance
DF 83161A

Figure 26 presents a comparison of the c* efficiency data obtained with
the converging fuel stream injector in 30-in. and 52-in. L* chambers. In

both chambers, performance decreased with increasing mixture ratio. However,
the degradation is less severe in the 52-in. L* chamber. Furthermore, at
higher mixture ratios, performance was significantly higher in the longer
chamber. At a mixture ratio of 5.75, an increase in chamber L* from 30 to
52-in. provided an increase in c* efficiency of 2.5%.

The c* efficiency data obtained with the 40-scfm Rigimesh, 100-scfm
Rigimesh, and solid copper faceplates on the converging fuel stream injector,
using the 52-in. L* chamber, are compared in figure 27. Performance was
highest with the 40-scfm faceplate at all mixture ratios. The reason for the

reduced c* performance with the 100-scfm and the copper faceplates is attri-
buted to mixture ratio distribution. With the 100-scfm faceplate, more fuel
was injected through the permeable faceplate than with the 40-scfm faceplate,
thus reducing the proportion of the fuel injected through the fuel orifices, and
raising the injection element mixture ratio relative to the nominal value. ' The

copper faceplate warped sufficiently during testing to alter the fuel gaps at
several elements, which in turn caused mixture ratio variations across the
injector face.
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Figure 26. Variation of c* Performance for the
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Performance data from altitude tests madewith the converging fuel
stream and scarfed element injectors are presented in figure 28. Vacuum
impulse and vacuum impulse efficiency, as well as c* efficiency, are highest
with the 40-scfm faceplate on the convergingfuel stream injector. With this
injector configuration the measured specific impulse exceeded389 sec over
the 4 to 6 mixture ratio range, peaking at a level of 396 sec at a mixture ratio
of 5.0.

D. CHAMBER HEAT TRANSFERDATA

Table XI presents the measured heat transfer data obtained in the water-
cooled chamber tests. For each mixture ratio data point, the table presents
measured values of coolant flowrate (w}, coolant exit temperature (TB0), in-
termediate bulk temperatures (TB1 and TB2), wall temperatures (TWl and
TW2} and calculated heat transfer (Q) for each 60-deg stave of each thrust
chamber section. (The location of the thermocouples in the thrust chamber
are illustrated in figure 29.) In tests 14.01 and 17.02, a throat section from
a three-piece regenerative thrust chamberwas used instead of the water-
cooled throat section. Becausethis piece of hardware did not include pro-
visions for intermediate station instrumentation or individual stave instru-
mentation, only overall throat section heat transfer was obtained. For
consistence in the data table, the overall throat heat transfer was divided by
the number of staves (six} to determine anaverage stave heat transfer.
Typical measuredheat transfer data are presented anddiscussed below.

Figure 30 presents for selected tests of the converging fuel stream
injector average temperature data measured in each axial section as a function
of surface distance from the injector. For the same tests figure 31presents
measured circumferential temperature data for the throat section staves.

The total (i. e., overall} chamber heat transfer rates obtained for the
various injector configurations are presented in figure 32 as a function of
mixture ratio. The lower curve in this figure showsmeasured-to-predicted*
heat transfer ratios. The heat transfer rates are nearly constantwith mixture
ratio for all injector configurations. The measured-to-predicted values in-
crease with increasing mixture ratio becausethe theoretical (predicted} heat
transfer curve decreases with increasing mixture ratio. Figure 33 presents
the variation of the measured heat transfer with mixture ratio for the separate
thrust chamber sections. In both figures 32 and 33 the effect of spud scarfing
and fuel injector faceplate porosity can be seen. Heat transfer is lower with
the higher porosity faceplates and with the scarfed element injector. Heat trans-
fer rates for the throat and nozzle sections are not shownfor tests 14 and 17 in
figure 33 becausethe thermocouples usedto measure coolant discharge tempera-
ture from these sections were inoperative in the aforementioned tests.

To use the measured heat transfer data from the water-cooled chamber
tests as design data for the regenerative thrust chamber, combustion side heat
transfer coefficient profiles were computed. The method used in these calcu-
lations warrants someexplanation.

*Predicted or theoretical heat transfer was obtained using the Bartz short
form equation.
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Section Section
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Thermocouple Location - Surface Distance

From Throat Station (in.)

Parameter Symbol Units Nozzle Throat Spoolpiace

Coolant Flowrate _/ Ibm/sec

Coolant Intermediate

Temperature No. 1 TB1 OR +12.045 +1.085 -5.238
Coolant Intermediate

Temperature No. 2

Coolant Discharge
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Upstream Wall
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Downstream Well
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Figure 29. Water-Cooled Chamber Heat Transfer

Data Schematic
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The equation for the combustion side heat transfer is:

= 1 dQ
hg (Waw- w dA

With this equation, local chamber heat transfer coefficients (hg) can be deter-
mined from a knowledge of the adiabatic and combustion side x_Yall temperatures

and the local heat flux, dQ/dA. The adiabatic wall temperature (Taw) was

calculated using standard techniques. Combustion side wall temperature (Twg)
was determined using a curve through the measured data. (Because of the
magnitude of the adiabatic wall temperature, in relation to the wall temperature,
the combustion side coefficient is not a strong function of the latter temperature
in this equation, so errors introduced by interpolating for wall temperatures
between measurement locations are not significant. ) To determine local heat
flux values at several axial stations, the chamber heat transfer for each axial

section was plotted as a function of thrust chamber surface area (figure 34).
Local heat flux values can be determined graphically by measuring the slope

at any station along the curve. This graphic method proved adequate where
the curve was smooth through the measured data and had no inflection points,
such as in the chamber and nozzle sections. However, because of the heat
flux peak in the throat region there is an inflection point in the heat transfer

versus surface area curve. In this section, the graphic method is not adequate
and thus determination of the heat transfer coefficient requires an iterative
solution involving the coolant side heat transfer, as well as the combustion side
heat transfer equations. Briefly the solution used for the throat region was as
follows:

lo A heat transfer vs surface area curve that fits the experimental
data was assumed for the throat region. This permitted the deter-
mination of a first guess combustion side heat transfer coefficient
curve for the region.

. Coolant temperature and a coolant side coefficient were then cal-
culated for the combustion side heat transfer coefficient deter-

mined in Step No. 1.

o Using the computed coolant temperature and the coolant side heat
transfer coefficient (from Step No. 2), and the measured wall
temperature, the combustion side heat transfer coefficient could

then be calculated parametrically using a two-dimensional analysis.

, Using the new combustion side coefficient, a new heat-transfer-
versus-surface-area curve was plotted and the steps repeated until
the combustion side heat transfer coefficients determined in Steps
No. 1 and 3 agreed.
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Using the foregoing method, heat transfer coefficient profiles were deter-
mined for the converging fuel stream injector (the highest performing injector)
for subsequent use in design of the regenerative chamber. Figures 35, 36,
and 37 present heat transfer coefficient profiles determined for test conditions
of interest. Figure 35 shows the average profile curves determined for the
converging fuel stream injector with its 40-scfm and 100-scfm faceplates
compared to the theoretical Bartz profile. The profile for the 40-scfm
faceplate is lower than the Bartz profile in the combustion chamber near the
injector, but demonstrates a much higher coefficient in the converging part of
the chamber. In the throat and nozzle regions the profile with this faceplate
is close to the Bartz curve. Figure 36 shows how the heat transfer coefficient
profiles change with the mixture ratio for the 40-scfm faceplate. This figure
indicates less severe heat transfer conditions for mixture ratios of 4.15 and

5.0 than for the optimum value (5.75}. Figure 37 compares the maximum,
minimum, and average profile curves obtained for the 40-scfm faceplate.

E. HARDWARE DURABILITY

1. Injectors

In tests with the concentric-tube injectors, good durability was demon-
strated. Typical photographs of the injector faceplates after testing are shown
in figures 38, 39, and 40. A uniform soot layer was present after each test.
No overheating was noted in any of the tests, but the copper did warp sufficiently
to adversely affect performance, and hence, the Rigimesh faceplates are pre-
ferred.

In the only test made with the pentad injector, severe injector face
burning occurred (figure 41). Inspection of the injector indicated that recir-
culation of high-mixture-ratio combustion gases adjacent to the injector face
between the fuel and oxidizer injection orifices, caused the burning.

2. Thrust Chamber

The durability of the water-cooled chamber hardware was generally
acceptable for the purpose for which it was intended, although some difficulties
were encountered. A chamber failure did occur in test No. 3.01; approxi-
mately 32 sec into the planned 60-sec duration of this test, burnouts occurred
between adjacent staves in the throat and chamber sections; figure 42 shows
the burned-through area in the throat section at a seam. This failure is

attributed to the fact that coolant passages at the seams were farther apart
than passages in the middle of the staves. As a result, the heat flux into these
seam passages was sufficiently high to cause nucleate boiling, which by itself
was not detrimental. However, with nucleate boiling in these seam passages
and convective cooling occurring in the inside passages, a parallel heat ex-
changer effect resulted in which the coolant flowrate in the outer passages
decreased in order to balance pressure drops with the non-boiling passages.
This condition eventually bootstrapped to the point that film boiling and burnouts
occurred. The chamber and throat sections (burned during test No. 3.01)
were repaired by removing the damaged staves and welding in spares. Fi-
gure 43 shows the throat section with the two damaged staves removed.
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Figure 38. 100-scfm Rigimesh Faceplate for  
Converging Fuel Stream Injector 
after Testing 

Figure 39. 40-scfm Rigimesh Faceplate for 
Converging Fuel Stream Injector 
after Testing 
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Figure 40. Converging Fuel Stream Injector FE 78473 
with Copper Faceplate after Testing 

Figure 41. Pentad Injector after Testing 
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In subsequent tests, coolant water flow to each chamber section was 
increased to provide additional margin against boiling heat transfer. In 
tests 7.02 through 11.01, the hardware w a s  tested for  194-sec firing time at 
500-psia chamber pressure without major damage. 
representative aftertest photographs of the chamber and throat section showing 
the characteristic soot layer. Three small water leaks were noted in the 
nozzle extension interior wall at the inlet flange location after test 10.01, due 
to  slight erosion of a weld at this location. A water leak between two staves, 
caused by a burnthrough into the coolant passages (figure 46) also occurred 
during shutdown of test 11.01. The burnthrough, like that in test No. 3.01, 
was also attributed to boiling in the coolant passages caused by large seam land 
widths. 

Figures 44 and 45 are 

In tests 12.04, 14.01, and 17.02, the throat section of a 3-piece regener- 
ative chamber was used. It was water-cooled successfully with no damage 
incurred. Discussion of the durability of this throat section operating in a 
water-cooled mode is given in Section X. 

Figure 44. Throat Section after Testing FE 78487 
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Figure 45. Chamber Section after Testing FE 78490 

Figure 46. Throat Section Showing Burn FE 78488 
Through after Test No. 11.01 
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SECTION VII

REGENERATIVE COOLED THRUST CHAMBER HARDWARE

A. GENERAL

Three regeneratively cooled THERMAL SKIN ® thrust chambers were
tested using Contract NAS3-11190 injectors. One chamber was fabricated under

the contract; the other two were constructed independently using more advanced
fabrication techniques for certain operations. Permission to use government-
owned injectors in tests of the P&WA chambers was obtained with the under-

standing that results would be published in this report. Therefore, all three
chambers are described herein.

The contract chamber and one of the independently built units were of
one-piece construction like that shown in figure 47. The third chamber was a
three section assembly. (See figure 48.) It was created as a repair of the
second one-piece chamber after throat erosion was incurred during testing.
The eroded throat was cut from the part and flanges were added to the severed
combustion chamber and nozzle pieces to make them separate sections which
could be mated to a new throat section. All three thrust chambers were of the

same basic design with respect to cooling passage configuration and materials
of construction. These common features are discussed in subsections B and C.

The fabrication sequences for the chambers were also the same; however, there
were differences in the fabrication methods used to bond the THERMAL SKIN

plates into panels and in joining the staves at their edges. Table XII sum-
marizes the methods employed; the reasons for these differences are discussed
in paragraph D (note that for the 3-section chamber, the methods apply to the
throat section only).

Table XII. Regenerative Thrust Chamber Fabrication Methods

Chamber Plate Joining Method Stave Joining Method

Contract One Piece

Independent One Piece

Independent 3-Section

Silver Braze

Silver Braze

Diffusion Bond

TIG Weld

EB Weld

EB Weld

B. DESCRIPTION

Important characteristics of the thrust chambers are given in table XIII.
The design was sized for 5000-1b thrust at 500-psia chamber. At these con-
ditions, the coolant passages were sized so that the chamber could operate at
the highest mixture ratio (5.75) in the operating range. Structurally, the
coolant passages and the hardware were designed for a maximum chamber
pressure level of 1000 psia.
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Table XIII. Regenerative Thrust Chamber Characteristics and
Design Conditions

Thrust, lbf

Chamber Pressure, psia

Propellants

Mixture Ratio

Expansion Ratio

Contraction Ratio

Chamber L*, in.

Coolant Direction

5000 (Maximum 10,000)

500 (Maximum 1000)

Flox/methane

4 to 5.75

60 to 1

4tol

52

Counterflow

A chamber L* of 52 in. was selected because it provided a measurable
performance increase at high mixture ratios over a 30-in. L* based on water-
cooled chamber test results. The chamber contraction ratio (4 to 1), expansion
ratio (60 to 1), and the chamber contour were the same as those used in the
water-cooled chamber, so that the water-cooled chamber heat transfer results
would be directly applicable to the regenerative thrust chamber design. The
coolant flow direction was made counterflow based on Task I results to minimize

coolant pressure drop.

THERMAL SKIN construction was selected for the chambers based on the

Task I analytical studies which showed the necessity for nontubular construction.
With THERMAL SKIN, the coolant passage size is readily tailored along the
length of the chamber to permit close matching of the coolant heat transfer
coefficient with local heat fluxes to minimize coolant pressure losses.

Each thrust chamber has six, 60-deg circumferential stave elements,
each of which consists of a bonded nickel-Ineonel sandwich with nickel used on

the combustion side and Inconel 600 as the structural backplate.

Nickel was selected as the combustion side wall material based on Task I

heat transfer studies that showed for the moderate heat flux levels (approxi-
mately 16 Btu/in. 2_sec), nickel permitted regenerative cooling with pressure
drops less than those required with either stainless steel or super-alloys, such
as the Haynes 25 material.

Inconel 600, a nickel alloy, was selected as the backplate material based
on strength, etching, and fabrication considerations. The material is about
twice as strong as nickel and hence its use results in a lighter weight chamber
than if nickel were used for both plates. Also, Inconel 600 has etching char-
acteristics similar to those of nickel, which permitted the use of the same
etching methods for both the combustion side and backplate materials. Initially
Inconel 625, a higher strength nickel alloy, was considered. However, attempts
to etch this material were unsuccessful. Inconel 600 has a coefficient of
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thermal expansion(a) that is nearly equal to that of nickel. Matching a's of the
plates is a requirement for a good braze or diffusion bond joint between the
combustion side and backplate materials.

Inlet and exit manifolds were constructed of Inconel 625. The inlet mani-

fold also served as the adapter flange for the injector. The exit flange had

provisions for a blank-off plate so that the thrust chamber-injector assembly
could be pressure checked. Other important mechanical parts seen in
figures 47 and 48 are identified in figure 49. These parts, fabricated of
Inconel 625, include: (1) a pressure shell in the combustion chamber region,
(2) seam straps, (3) a support rod attachment ring, and (4) an altitude system
adapter ring. The pressure shell backs up the THERMAL SKIN stave joints to
provide additional hoop strength in the combustion chamber. Seam straps were
used for the entire chamber length on the contract chamber; however, on the
electron-beam welded P&WA chambers, they were used only in the throat

region. The support rod and altitude system adapter rings were used to facili-
tate test stand mounting.

co._.t,OcCa...o...M..,,,.",.h.=_.P ..... Shl Coo,no,Ea,_,8,

SECTION A-A Coolant Inlets for

Instrumented passqu (3)

_) Coolant Temperature T.C.

Wall Temperature T.C.Chamber Prusure Tap

Figure 49. Regenerative Thrust Chamber
Schematic

FD 25099

Chamber instrumentation provisions included chamber pressure taps and
wall and coolant thermocouples located along the chamber. The locations of the
thermocouples are indicated in figure 50. The thermocouple arrangement
shown in this figure was used in three of the six staves. In addition, all six
staves had wall temperature thermocouples at the throat (location W6) and in
the combustion chamber at the predicted highest wall temperature point
(location W3). In the one-piece thrust chambers the coolant thermocouples were
located in three equally spaced coolant passages to which the coolant flow was
separately supplied. Individual flow measurements in the instrumented coolant
passages facilitated determination of chamber heat transfer. In the 3-section
thrust chamber, coolant temperatures were measured at the same axial
locations as in the one-piece assemblies, but the flows to the instrumented
passages could not be conveniently measured.
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C. DE SIGN

The coolant passages were sized using the heat transfer and stress
analyses described in Appendix A. The passages were configured so that the
chamber could operate at the highest mixture ratio (5:75) with the highest
performing injector that was demonstrated in the water-cooled chamber tests:
the converging fuel stream injector with the 40-scfm Rigimesh faceplate. The
passages were designed to minimize coolant pressure drop while maintaining
the wall temperatures at tolerable levels. The maximum allowable design wall
temperature was 1700 ° F. This value corresponds to that specified by NASA
for 347 stainless steel during the Task I heat transfer studies. This appeared to
be a safe temperature limit for nickel when compared to the melting point,
2615 ° F, and the nickel reaction temperature with fluorine, 2100 ° F (as given in
reference 15); however because erosion did occur at this temperature level (as
will be discussed in Section VIII), it is apparently too high.

The coolant passage geometry is described in figure 51. Important
features to note regarding the coolant passage dimensions are:

° Three coolant passage depths were used. The multidepth design
was achieved by etching both the nickel and the Inconel plates. The
etched passage depth in the nickel plates was 0. 033 in. throughout
the chamber. The Inconel plates were not etched at the throat, but
were etched to different depths in the lower-heat-flux regions of the
combustion chamber and the nozzle to increase the coolant flow

area, thus minimizing the coolant pressure drop.

t At the inlet coolant manifold (i. e., at the nozzle exit in this counter-
flow design), there were 288 passages (48 passages/stave). The
number of passages was reduced in steps as the thrust chamber
radius decreased to maintain passage widths within practical
limits. At the throat, 72 passages (12 passages/stave) were used.
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The passage width varied from 0. 150 to 0. 053 in. along the chamber
length. The maximum passage width was set by allowable stress

considerations in the nickel wall, while the minimum passage width
was set by etching limitations. For etched passages in one plate,
the current depth-to-width limit is approximately 0.66.

Two other important dimensions not shown in figure 51 are the hot
wall thickness and the seam land width. The hot wall thickness

was 0. 025 in. and the design seam land width was 0. 050 in.

0

I

32 36 40 44

Figure 51. Regenerative Thrust Chamber
Coolant Passage Dimensions

GS 10989

Predicted variations in coolant pressure and temperature and combustion
wall temperature at design conditions (i. e., for 500 psia chamber pressure,
5.75 mixture ratio, and for the heat flux levels measured for the converging
fuel stream injector with a 40-scfm Rigimesh faceplate) are shown in figure 52.
The calculated coolant pressure drop (most of which occurs at the throat) is
377 psi. The coolant chamber exit temperature is 1470 ° R. The combustion
side wall temperature curve is for the passage crown. Wall temperature at
the centers of the land are slightly higher, as indicated by the two-dimensional
temperature profiles for the throat station given in figure 53.

Results of off-design calculations are presented in figures 54 and 55.
Figure 54 shows that the coolant temperature and maximum wall temperature
will decrease and coolant pressure drop will increase with decreasing mixture
ratio (i. e., with increasing fuel flow). Figure 55 shows the trends of these
chamber conditions for increasing chamber pressure.
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D. FABRICATION

1. General

The regeneratively cooled thrust chambers were fabricated following the
general procedure established in previous programs involving THERMAL SKIN
chambers. The major steps include: (1) etching of the coolant passages,
(2) bonding of the etched plates, (3) forming the brazed stave to the chamber
contour, (4) trimming the staves to 60-deg segments, (5) joining the staves on
their edges, (6) welding the flange manifolds and other support hardware to the
liner assembly, and (7) final machining. These fabrication steps are discussed
in detail in paragraph 2 below. Paragraph 3 describes the inspections per-
formed on the chambers during fabrication and presents important inspection
data.

2. Fabrication Steps

a. Passage Etching

Nickel and Inconel plates were supplied to the etching vendor by P&WA.
Plate preparation at P&WA included cutting of the plates to approximate size
and lapping of the surface to be etched to approximately 8 microinches rms
finish. This smooth finish was specified primarily to assure good bonding of
the plates after etching, but it also facilitated application of the maskant for
photo-resist, used in the etching process.

The etching vendor developed etching masters using P&WA supplied X-Y
coordinates, of a fiat-plane layout of the cooling passages. The coordinates
were transmitted in the form of IBM computer cards. The etching master was
generated using a rectilinear coordinate Univac 418 computer, driving a
Gerber 532 System Plotter outfitted with a high intensity light pen. The system
is capable of plotting accuracies of 0. 0005 in. The passage widths in the master
were reduced by 0. 008 in. to account for side etch. The amount of side etch
compensation was determined by an iterative process involving etching and
inspection of sample plates and subsequent correction of the etching master.

The etching master was positioned on the plates in a vacuum contact
printer after the plate surfaces to be etched were coated with photo-resist, a
photosensitive compound that is polymerized by a strong light source. After
exposure to the light from a carbon arc lamp, the photo-resist that was un-
exposed, and therefore not polymerized, was removed with a solvent to
"develop" the image. The plates were then ready for etching.

The plates were etched in a spray etcher. The equipment is illustrated
schematically in figure 56. The etching solution was ferric chloride; the
method employed is referred to as the "powder banking" process. In this
process, the plates are etched until desired passage widths are obtained (this
generally occurred at a passage depth of approximately 0. 010 in. ). At this
point, the plates are removed from the etcher and then "banked" with a fusible
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resinous powder, which is applied so  that i t  would adhere to the passage side- 
walls. The powder is fused into a protective coating by heating the plate. 
Following banking, etching is resumed until the first resin deposit is undercut. 
Then another powder bank is applied and the process is repeated until the 
desired depth is achieved. Etched plates for the one-piece chamber are shown 
in figures 57 and 58. 

Spraybars Oscillated Through 
Approximately a 90-deg Angle 

Side to Be 
Etched Was Up 

Part Was Fed Through Machine 
to Provide Uniform Etching 

Figure 56. Spray Etcher Schematic FD 45504 

C. 

Figure 57. Etched Nickel Plate for  Regenerative FD 27349 
Thrust Chamber 



I . . ' . :, . '  . .I .-7 

Figure 58. Etched Inconel Plate for  Regenerative 
Thrust Chamber 

FD 27350 

b. Etched Plate Bonding 

As mentioned above, the etched nickel and Inconel plates were bonded 
together using two different methods. The plates for both one-piece chambers 
were silver brazed. The plates for the throat section of the 3-piece chamber 
were diffusion bonded so that undesirable features of the silver braze joint could 
be avoided. The silver braze provided a sufficiently strong bond; however, i t  
was a relatively low temperature joint that was vulnerable to overheating during 
subsequent welding operations. Also, the silver filleted indiscriminately in the 
corners  of the coolant passages and contributed to passage-to-passage flow 
variations. Because diffusion bonding provides a high temperature joint with 
bond strengths equal to that of the weaker of the two parent materials,  and does 
not involve the melting of a filler material, it is the preferred process. 

with 0.0002 in. of silver. 
assembled using dowel pins in accurately located holes in the plates for align- 
ment. Individual nickel-Inconel staves were brazed in a retor t  with an inside 
depth equal to the stave thickness and a thin stainless steel cover sheet. The 
cover sheet was welded to the retort  on i ts  outer edges so that, after the 
retor t  was loaded and evacuated, it would act as a diaphragm to transmit atmos- 
pheric pressure to the stave to load it during the braze cycle. A hydrogen 
atmosphere of 100 to 400 microns of mercury was maintained in the retort  
following evacuation to provide a reducing atmosphere for brazing. 
temperature of 1825' F was maintained for approximately 15 min. 

For brazing of THERMAL SKIN panels, the Inconel plates were plated 
Then individual nickel and Inconel plates were 

The braze 

Diffusion bonding of the etched plates was accomplished using a pressure- 
loading process. Gas pressure was applied to a sealed, etched plate assembly 
(evacuated internally) at elevated temperatures to effect a bond. The mated 
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Inconel and nickel plates were assembled, aligned, and then tack-welded 
together with a stainless steel cover sheet over the nickel plate to prevent 
collapsing of the nickel over the larger  width portions of the etched passages. 
To prevent bonding of the nickel plate and the cover sheet, the latter was 
oxidized and coated with magnesium oxide, a bonding inhibitor. After  the 
etched plates and the cover sheet were tack-welded together, the perimeter 
was sealed by electron beam welding while the assembly was in a vacuum of 
less than 10-5 torr .  The assembly was subsequently leak checked by pres- 
surizing externally to 200 psig with helium and then rapidly submerging it into 
an alcohol bath. Diffusion bonding was accomplished in an autoclave at  
1000-psig pressure and 1700" F temperature. Dwell time at  temperature was 
3 hr .  Staves were bonded both directly and using a 0.0005-in. copper plating 
applied to the nickel plate as a bonding aid. Subsequent inspections and pres- 
sure  tests of the bonded staves indicated that direct  bonded staves were feasible 
and hence a diffusion aid may not be required for bonding nickel to Inconel 600. 

c. Stave Forming 

The staves were formed in a one-step contouring operation using forming 
dies in a hydraulic press.  The dies for the staves of the one-piece thrust 
chamber are shown in figure 59. These were constructed of Kirksite (a 
castable, zinc-base alloy with good machining characteristics) but had stainless 
steel throat inserts. The female die was bolted to the stationary bed of the 
press  and the male die was attached to the ram. For  forming, a stave was 
mounted and aligned to the female die by dowel pins; the passages of the bonded 
staves were filled with wax so that the coolant passages would not collapse. 

Figure 59. Forming Dies for  Regenerative 
Chamber Stave 

FE 101935 

d. Stave Trimming 

The formed staves were trimmed to 60-deg circumferential segments in 
Figur6 60 shows the tr im fixture used for a special fixture using an end mill. 

the staves of the one-piece chambers. The procedure followed during the 
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trimming operation was to (1) install the stave in the fixture for scribing the 
cutting planes, (2) remove the stave from the fixture, to check the distance 
between the outer passages and the cutting planes by X-ray, and (3) reinstall the 
stave into the fixture for milling the stave edges. A formed and trimmed stave 
is shown in figure 61. 

a. a. 

Figure 60. Trim Fixture for  Regenerative 
Chamber Stave 

FE 101864 

Figure 61. THERMAL SKIN@ Stave for 
Regenerative Chamber 

GS 9888 
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e. Stave Joining 

As mentioned earlier, staves w e r e  joined together at their edges using 
both tungsten inert gas (TIG) and electron-beam (EB) welding. For the f i rs t  
one-piece chamber, manual TIG welding, which had proved satisfactory in a 
1,000-lb thrust (at 300-psia chamber pressure) hydrogen-fluorine thrust 
chamber constructed to demonstrate the feasibility of the concept, was used. 
The welding at the chamber OD was not difficult. However, because of the 
calculated high operating temperature, a pure nickel weld rod was selected for 
the ID weld. During the welding operation, the silver braze joint in two staves 
was overheated and the bond failed, making i t  necessary to remove the staves 
from the assembly. Two new staves were welded into position using lower 
temperature weld rods (silver-palladium and gold-nickel) for closing the seams 
at the ID. 
seam welds cracked during the f i r s t  test. The first  TIG-welded stave assembly 
is  shown in figure 62. 

The welding was completed satisfactorily by this technique but the 

a 

Figure 62. Regenerative Chamber Liner 
Assembly 

FE 84288 

Because of difficulties with TIG welding on the f i rs t  chamber, the seams 
of the second one-piece chamber and the throat section of the sectioned chamber 
were EB welded. 
together on a mandrel. 

For EB welding, the staves were clamped and tack-welded 
EB welding was accomplished using a Hamilton-Standard 
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machinehaving a fixed gun and a translating table to which the part was attached.
Four different setups (onefor the nozzle region, one for the combustion chamber
region, and two for the throat region) were required to weld each seam. Fig-
ure 63 showsthe setups involved and indicates thewelding sequence. For each
setup thepart was positioned 10 in. from the gun and cocked so that the length
of seam to be welded was nearly perpendicular to the gun axis. Typical settings
for the EB welder were a table speedof 35 in./rain, a voltage of 140,000, and
a current of 0. 013 amps.

Electron Beam .-..._J _Distance and Direction

i _[ ,_ of Wold Travel

Liner A_bly

_Hav/er stag Table _/7//_

Figure 63. Sequence for Electron Beam FD 45196
Welding THERMAL SKIN ®
Throat Section

The EB welding operation proved to be much more satisfactory than
manual TIG welding. It provided a full penetration weld {figure 64) and the heat
input to the part did not damage the bond (either silver braze or diffusion bond)
between the plates. However, in a few isolated instances (one passage in the one-
piece chamber and three in the throat section) seam passages were partially
blocked with weld splatter. In these cases, the blockage was elLrainated by

electrodischarge machining into the passages from the back side to clear them.
After the passage geometry was restored, plugs were welded into position in
the back plate and subsequently the passages were flow checked to verify that
they were open. It was established that weld splatter occurred in locations
where the EB welder was stopped and started. The problem can therefore be
overcome by either (1) providing fixturing for beam stopping and starting,
rather than relying on manual operation, or (2) using an EB welder with a
tracking gun which eliminates the need for stopping and starting the welder
along the seam.
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Figure 64. Cross Section of EB-Welded Seam FD 35280 
of THERMAL SKIN@ Staves 

f. Final Thrust Chamber Assembly 
I 

After the THERMAL SKIN liners were welded, they were surface-machined 
in a lathe in locations where the pressure shell, the inlet and exit manifolds, 
the support rod attachment ring, and the altitude system adapter ring were to 
be installed. These parts were subsequently assembled and welded to the liner. 
The final fabrication operation was the finish maching of the flanges. 

3. Inspection and Structural Testing 

a. General 

Inspec tion and structural tests were accomplished during the fabrication 
process to assure quality and to demonstrate the structural adequacy of the 
completed thrust chambers for the subsequent combustion firing tests. These 
inspection and structural  tests included the following: 

1. Inspections of the coolant passages in the etched nickel and 
Inconel plates. 

2 .  X-rays of the bonded staves prior to forming I 
3. 

4. 

Inspections of the formed stave contour using templates 

Hydrostatic pressure checks of the formed staves to 4000 psig I 
5. 

6. 

7. 

Water flow tests of each passage in each stave 

X-rays of the trimmed staves to determine final edge distances 

X-ray and Zyglo inspections of the stave assembly seam welds 

I 
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10.

Helium leak checks of the coolant passages and manifolds of the
completed thrust chamber

Liquid nitrogen cold-shock tests of the coolant passages and
manifolds of the completed thrust chambers

Hydrostatic pressure checks of the coolant passages and manifolds
of the completed thrust chamber to the maximum anticipated
ope rating pres sure

11. An inside-to-outside leak check of the completed thrust chambers.

The inspections of the coolant passage dimensions, the X-rays of the
trimmed staves to determine final edge distances, and the water flow of the
staves provided reportable information on thrust chamber hardware character-
istics which is presented below.

b. Coolant Passage Tolerances

The coolant passages etched into the nickel and Inconel plates were in-
spected by direct measurements and by RTV rubber casting technique. Dimen-
sional tolerances determined by direct measurements are plotted in figures 65
and 66 for the nickel and Inconel plates etched for the three thrust chamber
assemblies. Using the values presented as an indication of current state-of-
art tolerances for etched passages, they would be as follows:

Overall depth tolerance +10%

Overall width tolerance +10%

Throat station depth x width tolerance ±5%

Coolant passage shape was determined from sectioned staves and by using
the RTV rubber casting technique. The RTV castings were sectioned and
passage shape was subsequently determined from enlarged photographs of
cross sections of the castings. Enlarged photographs of the sectioned staves
were made directly. Results for the throat section removed from the second
one-piece chamber are given in figure 67, which presents a curve of the shape
factor parameter as a function of the width-to-depth ratio. The equation for
the average curve has been determined as:

whe re:

A =

C =

D =

W=

A C
W x D - 0.215 _ + 0. 785

measured passage area,

straight cut wall depth,

centerline passage depth, and

passage width.
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This equation was established by correlating the data with an equivalent passage
model having an elliptical base and straight portions of the wall. (See insert of

figure 67.) The straight wall portion increases with passage width-to-depth
ratio. Use of this correlation enables prediction of the flow area, hydraulic
diameter and heat flow path lengths in the region of the radiused corner. Most
of the data falls within 4-10% of the average values. An examination of the

passage shapes for which the data points fell outside of the tolerance band
revealed that the inconsistencies reflected undercut or inwardly-tapered passage

walls. Shape factors for undercut passages fell above the upper 10% tolerance
line, while those for passages with tapered walls fell below the lower 10%
tolerance line. These abnormabilities occur during the etching process and

can be eliminated by increased quality control.

Surface roughness is another parameter that is important in heat transfer
calculations. Roughness values, measured with a profilometer, ranged in
value from 90 to 190 microinches. The passages were sized for the weighted

average roughness value obtained (150 microinches).

c. Passage Water Flow Data

The individual coolant passages in each stave of each thrust chamber

assembly were water flow tested. Figures 68, 69, and 70 present the water
flow data for the first and second one-piece chambers, and the throat section
fabricated for the 3-piece thrust chamber respectively; the data were obtained
with a pressure drop of 25 psid. The passage-to-passage flow deviations in
the one-piece chambers were within ±25 (with the exception of one passage in

the second chamber) of their respective average values. These deviations are
attributed primarily to the passage-to-passage area variations resulting from
the etching process and filleting of the silver braze. To protect against the
seam damage that occurred on the first two chambers, the passages adjacent
to the seams in the diffusion bonded throat section were increased in size in

relation to the inside passages to provide more cooling in the seam areas. The
passage-to-passage flow deviations in the non-seam passages of the throat
section was reduced to ±15%, again with the exception of one passage. The
flow deviations can be reduced in future chambers involving greater quantity

runs by selective use of available staves.
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d. Seam Land Widths

X-rays of the trimmed staves provided a check on the accuracy oLthe
etching master layout and specifically the ability to project the coolant passage
geometry for a formed stave onto a fiat surface. X-rays were taken after the
staves were trimmed to 60-deg segments and after the staves had been welded

together. Results are presented in figures 71, 72, and 73 for the three thrust
chamber assemblies. The design seam land widths were 0. 050 in. The seam
lands for the two one-piece chambers are generally greater than this. (See
figures 71 and 72. ) The larger land widths in the seam result from the forming
operations on the staves and the spacing of the passages. The forming operation
elongated the staves, effecting a transverse deformation that resulted in a re-
duction in the arc length over which the coolant passages were spaced. Because
the stave width is smallest at the throat station, most of the deformation

occurred at this location. As a result, when the staves were trimmed to 60-deg
circumferential segments, the seam land widths were greater than desired,
primarily at the throat.

The passage spacing on the etching master for the throat section plates was
revised to compensate for the stave stretching that was observed in the first two
chambers. The masters were biased so that the throat station would have the

minimum seam land widths (figure 73).
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SECTIONVIII
REGENERATIVE THRUSTCHAMBER TESTS

A. GENERAL

A total of sixteen tests, in which 220 sec of firing time was accumulated,
were madewith regeneratively cooled chambers using flox/methane propellants.
In five of the tests, the thrust chambers were separately supplied and over-
cooledwith liquid methanewhile in the remaining eleven tests the thrust cham-
bers were operated in a regenerative cooling mode. Performance andheat
transfer results of the tests andhardware durability are discussed in this
section.

In initial tests, durability problems were encounteredprimarily in the
seam areas of the THERMAL SKIN® chambers. In later tests using the throat
section in which the passagedesign was modified to improve cooling at the
seams, gooddurability was demonstrated with an injector that provided rela-
tively low thrust chamber heat fluxes. Whenhigher performance injector con-
figurations (which produced higher heat fluxes) were used, some chamber
erosion did occur, but it was not concentrated in seam areas. Maximum
measuredwall temperatures were near the design value in the tests where
erosion occurred, so the results indicate that a design wall temperature limit
has beenreached.

B. TEST SUMMARY

Table XIV summarizes the tests that were made with the regenerative
chambers. Five of the tests were under the contract and the remaining ii tests
were madeunder an independentP&WA research program. All of the tests
were made in the B-29 test stand of the Liquid Propellant Research Facility at
FRDC. Appendix B describes this facility.

The thrust chamber test rigs used are shownin figures 74, 75, and 76.
Figure 74showsthe first one-piece thrust chamber assembly used in test
No. I. 02; the secondone-piece thrust chamber used in test No. i. 03 was nearly
identical in external appearance. The three-piece thrust chamber used in
altitude tests No. 14.05 through 17.01 is shownin figure 75. A sea level cham-

ber test rig, consisting of the chamber andthroat sections only of the three-
piece chamber, used in tests 3.01 through 13.01, is shownin figure 76.

Separatelycooled and regeneratively cooled thrust chamber tests were
made at both sea level and simulated altitude conditions. The test stand arrange-
ments for the various modes are illustrated in figure 77. In all instances the
flox andmethanewere pressure-fed to the test rig. The flox supply system was
the same in all arrangements and identical to that used in water-cooled chamber
tests. In the separately cooled chamber tests, gaseousmethaneheatedto
approximately 840°Rwas supplied directly to the injector; the thrust chamber
was separately supplied and overcooled with liquid methane (figure 77a and 77b).
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Figure 76. Two-Piece (Sea Level) Regenerative FE 97465 
Thrust Chamber-Injector Assembly 

In regenerative tes ts  of the full length thrust chambers, liquid methane 
w a s  supplied to the thrust chamber (figure 77c). Sea level regenerative thrust 
chamber tests of the throat and combustion chamber sections only of the three- 
piece thrust chamber were conducted using an ambient-temperature methane 
gas supply (figure 77d). The sea level tests provided a valid evaluation of the 
throat and combustion chamber because the ambient-temperature gas closely 
approximated the temperature of the methane at the throat section in a full 
length thrust chamber. 

Electrohydraulic valves were used to control test conditions. The test 
procedure for  the separately cooled tests w a s  similar to that used in the water- 
cooled chamber tests. The methane coolant flow w a s  started pr ior  to opening 
the propellant control valves; a coolant valve at the inlet of the thrust chamber 
controlled liquid methane flowrate while a discharge valve controlled chamber 
discharge pressure.  The oxidizer valve w a s  actuated through a feedback control 
loop sensing chamber pressure;  the injector fuel valve control was  based on 
mixture ratio. In the regenerative tests, the valve at the thrust chamber inlet 
regulated fuel flow, and therefore mixture ratio. 
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Figure 78 presents plots of important test parameters versus time for
the sea level regenerative thrust chamber tests. These tests were all approxi-
mately 10-sec duration. Chamber pressure was ramped up slowly (6 sec) so
that the last 4 sec of the tests were at the design chamber pressure (500 psia)
and a selected mixture ratio. Mixture ratio was progressively increased from
4.2 to 5.5 during the testing. As indicated by the coolant discharge temperature/
time plots (figure 78), steady-state chamber conditions were established in the

lower mixture ratio tests. However, the coolant exit temperature was still
increasing but only slightly (20°R/sec) at shutdown in the higher mixture ratio
firings. These results indicate that very short duration tests of 2 to 3 sec do

not provide a valid evaluation of regenerative thrust chambers; steady-state
chamber conditions were barely achieved after operating at the design chamber
pressure and a given mixture ratio setpoint for 4 sec.

Traces for startup of regenerative tests with the full length three-section
thrust chamber are presented in figure 79. Behavior was similar to that in the
sea level tests. The initial test (test No. 14.05) was advanced to shutdown after
obtaining test data at mixture ratios of approximately 4.0 and 5.0. The last
three tests were advanced to shutdown prematurely when the throat station metal

temperatures exceeded a predetermined safe value. Unfortunately, the coolant
exit temperature did not reach steady-state values in these tests.

C. PERFORMANCE DATA

Tables XV and XVI present the measured and derived data obtained with

the regenerative thrust chambers. Where possible, 2-sec data average periods
were used in the tests. However, because steady-state conditions were not
reached in the two final altitude tests with the full length chamber, shorter data
average periods, as indicated in the tables, were used.

Performance parameters were calculated using equations similar to those
used for the water-cooled chamber tests (see Appendix C). As in the water-
cooled chamber tests, a throat discharge coefficient of 0. 985 was used in

calculating characteristic exhaust velocity [c*(pc) ] and the thrust coefficient (CFvac).
Throat total pressure was calculated using measurements made at an in-
jector face tap. The measured values were reduced by a calculated momentum

loss of 1.38%. A downstream chamber tap was available in the regenerative

chamber; however, the tap had to be made so small in diameter (0. 015 in. )
because of the small land distances between coolant passages, the taps plugged
with carbon and did not provide useful pressure measurements.

The momentum loss was verified in the water-cooled chamber tests.

Further verification is provided in figure 80 where chamber-pressure-based-c*
and thrust-based-c* data are compared. As in the water-cooled chamber tests,
best agreement between the two sets of c* data is obtained at low mixture ratios

where (as illustrated in the lower part of figure 80) there is close agreement
between the experimentally-determined thrust coefficient efficiency data and the
theoretical efficiency. Also as indicated in figure 80 the thrust coefficient
efficiency data for the sea level regenerative chamber agrees with the curve
established for the water-cooled sea level chamber (as it should because the

two chambers are identical in the design features that affect nozzle efficiency).
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Table XVI. Derived Data for Regenerative Thrust Chamber Tests

P&WA

Reference

Test No.

Chamber

Pressure, Vacuum e* , _e*

Mixture Throat Total, Thrust, Ivac' (Pc) C F TIIvac (Pc)
Injector Test Type Ratio psia lb. sec. ft/sec vac % %

qC*(F )

%

WCFva c

%

1.03

3.02

5.01

6.01

7.03

8.03

9.01

10.04

11.01

12.01

13.01

14.05

15.01

16.01

17. O1

Scarfed element Altitude

(Conf. I)/40-100 scfm (Separately

Cooled)

Scarfed element Sea level

(Conf. I)/100 scfm (Separately

Cooled)

Scarfed element Sea level

(Conf. I)/100 scfm (Separately

Cooled)

3.65 497.0 4885 382.3 6536 1.89 94.20 95.56

4.13 498.2 4860 386.4 6656 1.87 93.54 9i. 88

4.59 497.9 4784 381.2 6669 1.84 91.34 94.81

4.58 497.7 4784 381.5 6670 1.84 91.41 94.84

4.79 498,4 4761 378.5 6660 1.83 90.22 94.22

4.80 498.2 4771 379.3 6655 1.83 90.36 94.15

5.03 497.9 4787 380.3 6648 1.84 90.01 93.65

5.02 497.9 4753 378.8 6670 1.83 89.69 93.97

3.75 496.9 4236 322.0 6673 1.55 89.02 97.19

3.69

3.70

4.99

4.98

Scarfed element Sea level 3.74

(Conf. I)/100 scfm (separately 4.16

Cooled)

Scarfed element Sea level 4.21

(Conf. I)/100 scfm (Regen.)

Scarfed element Sea level 4.59

(Conf. I)/100 scfm (Regen.) 4.59

Scarfed element Sea level 4.61

(Conf. I)/100 scfm (Regen.)

Scarfed element Sea level 5.19

(Conf. I)/100 scfm (Regen.)

Scarfed element Sea level 5.25

(Conf. I)/10O sefm (Regen.)

Scarfed element Sea level 5.26

(Conf. I)/100 scfm (Regen.)

Scarfed element Sea level

(Conf. I)/100 scfm (Regen.)

Scarfed element Altitude

(Conf. I)/100 scfm (Regen.)

Scarfed element Altitude

(Conf. I)/40 sefm (Regen.)

Scarfed element Altitude

(Conf. I)/40-1OO scfm (Regen.)

Converging fuel Altitude

stream/40 scfm (Regen.)

494.6 4217 324.0 6713 1.55 89.81 98.01

494.6 4213 322.1 6679 1.55 89.25 97.45

495.5 4206 317.3 6602 1.54 85.07 92.94

495.9 4208 317.9 6617 1.54 85.26 93.17

492.8 4182 324.1 6745 1.54 89.61 98.27

491.9 4171 322.9 6725 1.54 88.21 96.65

495.6 4208 325.0 6796 _.53 88.37 97.11

500.5 4226 322.4 6785 1.53 86.80 95.89

499.8 4220 322.8 6792 1.53 86.91 96.01

496.7 4202 323.4 6791 1.53 87.03 95.93

495.6 4195 322.3 6771 1.53 85.68 94.53

498.0 4197 319.8 6746 1.52 84.95 94.10

498.3 4184 320.2 6777 1.52 85.03 94.54

5.56 497.5 4152 309.6 6588 1.51 82.10 91.85

5.55 497.8 4147 309.8 6604 1.51 82.12 92.06

4.04 494.3 5044 387.8 6748 1.85 94.37 96.95

5.01 494.7 5027 381.5 6674 1.84 90.29 93.43

4.98 495.1 5028 381.7 6681 1.84 90.40 93.55

4.08 493.3 5120 394.7 6760 1.88 95.94 96.98

4.92 492.9 5039 393.6 6850 1.85 93.36 96.07

5.01 494.3 5051 392.2 6831 1.85 92.82 95.61

4.01 494.6 5046 388.0 6746 1.85 94.59 97.11

5.24 499.6 5101 381.2 6631 1.85 89.78 92.55

4.01 495.4 5103 395.1 6818 1.86 96.34 98.12

3.99 494.9 5113 393.4 6767 1.87 96.00 97.39

5.08 494.5 5135 400.3 6864 1.88 94.63 95.89

97.50

98.36

97.75

93.17

93.38

98.14

96.61

96.79

95.07

95.19

95.32

93.84

93.04

93.13

88.92

89.94

98.67

97.55

96.34

96.38

95.76

95.98

96.11

95.44

91.60

91.64

91.59

91.53

91.51

91.19

91.27

91.00

90.52

90.53

90.72

90.64

90.27

89.94

89.39

89.20

97.34

96.64

96.64

98.93

97.19

97.08

97.40

97.01

98.19

98.57

98.69
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Performance data obtained in tests with the regenerative thrust chamber
are plotted in figures 81 and 82 as a function of mixture ratio. Figure 81 dis-
plays the c* efficiency data obtained with the scarfed element injector using
different faceplates, and figure 82 presents altitude performance information.

The scarfed element injector used in the regenerative chamber tests
corresponds to configuration I of the injector; the spuds in its fourth (or outer)
and third rows were scarfed to angles of 45 and 22.5 deg respectively. Con-
figuration H of the injector, which had spuds on the fourth rows scarfed to
22.5 deg and those on the third rows flush (i. e., unscarfed), was tested in a
water-cooled chamber, and a mean c* curve for this unit is included in figure 81.
The data obtained with configuration I of the injector in the regenerative tests
straddles the curve obtained in the water-cooled chamber with configuration II;
therefore, it appears that changes to the scarf angle of the outer row spuds had
no significant effect on performance.

Figure 82 presents the performance data obtained in the altitude tests of
the regenerative thrust chamber superimposed on data obtained in water-cooled

chamber tests of configuration II of the scarfed element injector and of the
converging fuel element injector. The regenerative chamber data agree with
corresponding data obtained in water-cooled chamber tests with two exceptions:
the data obtained in regenerative tests 15.01 and 17.01. Test 15.01 was made

with configuration I of the scarfed element injector using a 40-scfm faceplate.
Based upon the comparable performance levels of all configurations of the

scarfed element injector in all other regenerative and water cooled tests, the
impulse, impulse efficiency and c* efficiency data obtained in test 15.01 are
higher than one would expect them to be. However, there is no apparent reason
to discredit the data from that test.

For test 17.01 of the converging fuel stream injector with a 40-scfm
faceplate, the c* efficiency appears to be too low and the thrust coefficient
efficiency data too high; these apparent data abnormalities can be attributed,
as will be discussed below, to the transient conditions that prevailed in that
regenerative test and to a thrust measurement problem.

It was shown earlier that coolant temperatures did not reach steady-state
levels in the regenerative tests and transient conditions prevailed. As a result,
the remotely located test stand flowmeter used for fuel flow measurement did

not necessarily indicate correctly time-phased flowrates. To assess the effect
of the transient flow data on performance parameter levels, fuel flows were
also calculated from injector characteristics. A comparison of the turbine
meter and injector-based fuel flow data is shown in figure 83. Data for test 15.01
is also shown, and there is close agreement between the two sets of data in that
instance. However, for test 17.01 the injector based flow was below the turbine
meter flow. Thus, if injector fuel flowrates were used instead of the turbine

meter values on this test, mixture ratio would increase appreciably but per-
formance parameters only slightly. As a result, the c* efficiency point for
test 17.01 would move to the right in figure 82 resulting in closer agreement
with it and that obtained in the water-cooled chamber tests.
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In both the water-cooled and regeneratively cooled chamber tests, thrust
system tare was measured prior to test initiation (i. e., just before starting
propellant flows) with the propellant piping pressurized and at operating tempera-
tures. Although a post-test tare value was also taken, it was used only as a
check on the thrust system repeatability. In the regenerative tests there was
good repeatability between the pre- and post-test tare values; the maximum

difference was 27 lbf, which corresponds to only about 0.5% of the nominal

thrust level (5000 lbf). However, in the water-cooled chamber tests and in the
separately cooled methane chamber tests larger differences, as much as 130 lbf,
were observed. In these cases the pre-test tare value was always greater than
the post-test value, and therefore if the post-test tare were used, higher impulse
values would have been calculated. The reason for the tare differences was

eventually traced to the line that supplied heated methane gas to the injector.
The support for this line was too rigid and, as a result, when the line wall
reached operating temperature during a test, the expansion of the line caused a
tare shift. The support was revised during the dual orifice injector test pro-
gram so that the expansion could be tolerated, but for tests of the fixed-thrust
injectors in which a heated methane supply was employed, there was a measurable
tare shift. To assess the effect of this shift on performance, and specifically
on the differences in performance observed in regenerative and water-cooled
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chamber tests, thrust coefficient efficiencies were computedusing a tare level
corresponding to the average of the pre- andpost-test values. The results are
presented in figure 84. On this basis, there is better agreementbetweenthe
regenerative chamber test data and water-cooled chamber test data. Further-
more, the delivered impulse of the convergingfuel stream injector with the
40-scfm faceplate (in the water-cooled chamber) would be slightly above400 sec
over a mixture ratio range from 4.7 to 5.5 as illustrated in figure 85, which
substantiates the measured level obtainedwith this injector in the regenerative
chamber.

Referring once again to figure 84, it can be seen that the representative
thrust coefficient efficiency versus mixture ratio curve established using
average tare values would be approximately 1%higher than that previously
established using pre-test tares; furthermore, it agrees with the theoretical
nozzle efficiency, calculated considering divergence, frictional and transonic
losses but not chemical kinetics at low mixture ratios. Thus, it appears,
basedon the regenerative chamber test data and the tare-averaged, water-
cooled chamber test data, that nozzle kinetic losses are negligible at mixture
ratios of 5 and below.

D. CHAMBER HEAT TRANSFER

Table XVII presents a tabulation of the heat transfer data obtained in the
regenerative chamber tests. Figure 86 illustrates the location of the coolant
andwall temperature measurement stations referred to in the table. There are
somedifferences in the data that was recorded in the tests. For example,
the full length chamber used in test 1.03 had three separately supplied coolant
passages in which individual coolant flowrates were measured to facilitate
determination of axial and circumferential heat transfer profiles. Separately
supplied passageswere not retained as a feature in the three-section thrust
chamber dueto the interruption of the coolant flowpath causedby the section
attachment flanges. Other differences which canbe noted are in the number
and location of wall and bulk temperature thermocouples recorded. In general,
becauseof the data system recording limitations, the selection of temperatures
to be monitored in a given test were madewith emphasis on the throat and
chamber regions of the thrust chamber.

In subsectionB preceding, it was pointed out that the coolant exit tempera-
ture did not reach steady-state conditions at the higher mixture ratios in the
last series of regenerative tests (tests 14.05 through 17.01). For these tests,
transient plots of the average wall and coolant temperature data for selected
stations in the nozzle, throat, and combustionchamber are shownin
figures 87 and 88. By inspection of the slopeof these curves at test termi-
nation, the degree of steadiness of the datacan be judged. Regarding the
coolant temperatures, with the exceptionof test 14.05, it appears that the
coolant temperatures on the combustion chamber side of the throat, as well as
in the coolant exit manifold, did not reach steady-state values. However, the
wall temperatures had either reached steady-state (as in test 14.05) or were
approaching steady-state (as in tests 15.01 through 17.01). The exception to
this appears to be the combustionchamber wall temperature in test 17.01,
which was apparently being affected by the increasing coolant bulk temperature
in that test.
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A

--Coolant Inlet Manifold _

_lnstrumented Passage ._ ,_ o
| Inlet Manifold _

I u l_l/ _- _1 _:111_ , I_ .17" --Coolant

Parameter

Instrumented Passage Flowrate

Instrumented Passage Coolant Inlet Temperature
Instrumented Passage Bulk Temperature
Instrumented Passage Bulk Temperature

Instrumented Passage Bulk Temperature
Instrumented Passage Bulk Temperature
Instrumented Passage Bulk Temperature
Instrumented Passage Bulk Temperature
Instrumented Passage Bulk Temperature
Instrumented Passage Bulk Temperature
Instrumented Passage Bulk Temperature
Instrumented Passage Bulk
Wall Temperature
Wall Temperature
Wall Temperature
Wall Temperature
Wall Temperature
Wall Temperature (Throat)
Wall Temperature
Wall Temperature

Temperatu re

Symbol

W

TB1
TB2
TB3
TB4
TB5
TB6
TB7
TB8

TB9
TB10
TB11
TW1
TW2
TW3
TW4
TW5
TW6
TW7
TW8

Units

Ibm/sec
OR
OR
OR
OR
OR
OR
OR
OR

OR
OR
OR
OR
OR
OR
OR
OR
OR
OR
OR

Discharge
Manifold

Thermocouple
Location

Surface Distance
From Throat

Station, in.

28.16
20.37

13.26
6.80
5.51
0.58

-0.54
-2.47

-4.04
-7.54

-10.54
-10.94

-7.94
-5.04
-2.87
-0.75

. . .

+1.02
+3.25

Figure 86. Heat Transfer Schematic

(Regenerative Chamber)

FD 49502
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Additional typical plots of the coolant and wall temperature data obtained
in the regenerative tests are presented and discussed below. Data from
tests 14.05 and 17.01 were selected for these plots since they represent
respectively the minimum and maximum levels of heat transfer observed in the

regenerative tests. As pointed out above, the wall temperatures were approaching
a steady-state condition in the throat region, but coolant temperatures were still
increasing when test 17.01 was terminated. Therefore, the somewhat transient

conditions must be recognized in the following discussion.

Coolant temperature profiles are shown in figure 89. The design profile,
established for the heat transfer levels measured in water-cooled chamber tests

of the converging fuel stream injector with a 40-scfm faceplate is also shown
for comparison. The rather fiat temperature profile shown for test 17.01 in
the combustion chamber region is attributed to the transient nature of the data
as previously mentioned. Had steady-state coolant conditions been achieved,

the bulk outlet temperature should have been very close to the predicted level
of 1400 °R.

Because the steady-state, local heat flux in a regeneratively cooled thrust
chamber is proportional to the slope of the coolant bulk temperature curve at a

particular location, some insight as to the significant effect that injector design
has on the throat region heat flux can be gained by inspecting the temperature
rise between the two thermocouples that bracket the throat station. The relative
change in throat region heat flux between the two tests is approximately pro-
portional to the ratio of the slopes of the coolant temperature lines between
these measured values. The computed ratio of these slopes indicates an average

throat region heat flux for the converging fuel stream injector approximately
1.8 times that obtained with the scarfed element/100-scfm faceplate injector
combination.

Wall temperature data are presented in figures 90 and 91. Figure 90
presents the measured surface wall axial temperature profiles based on an
average of thermocouple readings at each axial location. Circumferential
variations in wall temperature are shown in figure 91 for the throat station.
Wall temperature thermocouples were installed 0. 025 in. from the combustion-
side surface; therefore, estimates of the corresponding combustion surface

temperatures are also shown in the figures. The circumferential variation in
wall temperatures shown in figure 91 are attributed primarily to (1) variations
in passage-to-passage coolant flow and surface area, and (2) nonuniformities in
the combustion side heat transfer caused by the injectors.

Measured heat transfer data obtained with the regenerative chamber are
compared in figure 92 with similar data obtained in the water-cooled chamber
tests. This figure includes only that test data obtained where steady-state con-
ditions were achieved. Thus, for the regenerative chamber test 17.01, none
of the data was used. Also, the higher mixture ratio points from tests 15.01
and 16.01 with the regenerative chamber were excluded.
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Heat transfer rates for the altitude thrust chamber assembly, the sea
level thrust chamber, and the nozzle extension are presented in figure 92.
Most of the data presented for configuration I of the scarfed element injector,
using a 100-scfm faceplate in the altitude thrust chamber plot, were obtained in

the sea level regenerative tests. To obtain values for an altitude chamber, the
nozzle heat transfer measured in regenerative test 14.05 with the same injector
was added to the sea level chamber values.

Injector configuration has a significant effect on combustion chamber and
throat heat transfer as reflected by the large differences demonstrated in heat
transfer rates in the altitude and sea level chambers. The converging fuel
stream injector with a 40-scfm faceplate had the highest heat transfer rates.
The lowest rates were obtained with configuration I of the scarfed element in-
jector, which had scarf angles of 45 and 22.5 deg on its fourth (outer) and
third spud rows respectively. Intermediate heat transfer rates were obtained
for configuration II of the scarfed element injector; this injector utilized spuds
scarfed to 22.5 deg on its fourth row and unscarfed spuds on the three inside
rows.

Nozzle extension heat transfer is not greatly dependent on injector configu-
ration. Hence in design of a counterflow regeneratively-cooled thrust chamber
the coolant conditions at the throat location can be predicted independent of the
type of injector to be used.

E. THRUST CHAMBER COOLANT PRESSURE LOSSES

Pressure losses in the regenerative chambers were considerably higher
than design values because coolant passage areas at the throat station were
smaller than intended. Cooling passage flow areas were estimated from water
flow data and these estimates were later verified by direct measurements from

enlarged photographs of the first one-piece chamber which was sectioned after
testing. Table XVIH compares measured and design values.

Table XVIII. Regenerative Thrust Chamber Coolant Passage Area Comparison

Surface Distance from Single Passage 2 Single Passage 2
Injector, in. Design Area, in. Measured Area, in.

12.86 0. 00118 0. 000931

13.06 0. 00247 0. 002295

14.54 (throat) 0. 0013 0. 000954

This comparison shows that in the combustion chamber region there was
generally good agreement between the measured and design values, but the
measured value at the throat is 36% lower than the design value. The passage
area reduction at the throat is attributed to the elongation during the forming

process described in Section VII. The elongation caused a "necking down" in
the throat region with a consequent reduction of coolant passage widths that had
not been compensated for in the design phase. The effect of the reduced coolant
passage area was to raise coolant pressure losses.
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The majority of the regenerative testing was accomplished with the coolant
exit manifold pressure set at approximately 800psia, which produced choked
coolant flow conditions at the throat location. Measured coolant inlet pressures
for the test are compared with those basedon the design throat area in figure 93.
There is a significant difference betweenthe measured data and design curve;
however, by using the measured passageflow areas, the actual pressure losses
can be accurately predicted as indicated by the agreement betweenthe upper
curve in figure 93 andthe test data.

During two of the sea level regenerative tests (tests No. 8.03 and 9.01),
the backpressure was raised to approximately 1000psia, which permitted un-
chokedcoolant flow. The data from these tests allow a comparison of measured
pressure losses obtainedduring the firings anddesign values. In figure 94,
measuredpressure values at the throat inlet, andthe chamber inlet and exit
manifolds are comparedwith (1) a predicted curve using passage flow areas
estimated from water flow data and(2) the design curve. The discontinuities
in the predicted curve correspond to the calculated losses for manifolds of the
sectionedchamber. The large measured coolant pressure loss is attributed to
the coolant passag_area reduction at the throat station. Had the desired flow
area of 0.0013in. _ beenachieved, the pressure drop for this test would have
been close to the design value.

F. HARDWAREDURABILITY

1. Injectors

The converging fuel stream and scarfed element injectors proved to be
very durable in the regenerative tests. As in the water-cooled thrust chamber
tests, nooxidizer spudburning was encountered. The only damageto the oxi-
dizer side of an injector occurred in Test No. 1.02 whenthe control system
malfunctioned at test shutdown. This permitted backflow through the oxidizer
side of the converging fuel side injector, which damagedthe swirler caps
(figure 95). The swirler caps were subsequentlydrilled out and replaced with
spare caps; the repaired injector was reused in Test No. 17.01.

Only minor damageto the fuel faceplates was sustained. The worst oc-
curred to the 40-100 scfm Rigimesh faceplate of the scarfed element injector
in Test No. 1.03. There was slight erosion of the faceplate in two areas and
someerosion of the heads of the screws that support the faceplate (figure 96).
The faceplate erosion has been attributed to the fact that the fuel gap spacers
around spudsthat encircled the faceplate attaching screws were not installed
becauseof mechanical interference. As a result, the spuds did not remain
centered in their faceplate orifices at operating temperature. The erosion to
the screws was attributed to the fact that the porosity on the surface of the
countersink holes in the faceplates had not been restored after the holes were
machined. For subsequenttests, the spacers were reworked so that they could
be used around all the spuds and the surfaces of the countersink holes were
eloxed (electro-discharge machined) to restore porosity. These changes
appearedto have solved the problem becauseno additional erosion was encoun-
tered in a later test (test 16.01) with the faceplate (figure 97).
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Back of Converging Fuel Stream Spudplate 
(With Backplate Removed) 

Figure 95. Damaged Injector Swirler Caps FD 33408A 

Figure 96. Scarfed Element Injector 
(Configuration I) after 
Regenerative Test No. 1.03 
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L 

Figure 97. Scarfed Element Injector 
(Configuration I) after 
Regenerative Test No, 16.01 

FE 98443 

2. Thrust Chamber 

In the tests with the one-piece chambers, seam durability problems w e r e  
encountered. Three seams of the first chamber were cracked (figure 98) in its 
initial test (Test No. 1 .02) ,  after only 6 sec of firing time. 
Section VII,  this chamber was constructed of staves that were manually TIG 
welded together on their edges. The cracks that occurred were in the seams 
that were TIG welded with silver-palladium and gold-nickel weld rods. These 
a r e  moderate temperature welding rods, selected to facilitate welding without 
damaging the silver braze between the etched plates. Three seams did remain 
intact in the tests. These seams were made using a pure nickel rod; although 
the nickel rod did provide a higher temperature weld joint, the seams could not 
be reliably welded without damaging the silver braze joint between the etched 
plates. Therefore, none of the welds rods used proved to be acceptable and 
TIG welding w a s  subsequently dropped in favor of electron beam welding for 
making the seam welds. 

As reported in 

Three seams were eroded in the throat region of the second one-piece 
thrust chamber during an initial test (Test No. 1.03). 
ever, was 54 sec and data were obtained at several mixture ratio points. 
test  was terminated when a hole (figure 99) w a s  burned through the chamber 

The test duration, how- 
The 
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wall. A post-test inspection of the chamber revealed that in addition to the hole 
there were two separate burned areas in the throat. (See figure 100.) Severity 
of the burns varied from the hole through the w a l l  (approximately 1/16 in. wide 
by 1/2 in. long) to a small  pit in the combustion side wall .  Al l  three of the 
burns occurred in the weld seams between the THERMAL SKIN@ staves. 

Figure 98. First One-Piece Regenerative FE 88122 
Chamber after Test 1.02 
Showing Cracked Seams 

These seam failures have been attributed to the combined effect of larger  
distances between adjacent passages in seam locations (as compared to the 
middle of the staves) and low coolant flows in the passages adjacent to the 
seams. At the throat, the seam land widths (distance between passages) were 
as large as 0.120 in . ,  which compares to  0.065-in. lands in the middle of the 
staves. As discussed previously, the larger land widths in the seams resulted 
from forming operations on the staves and the spacing of the passages. 
forming operation elongated the staves, effecting a transverse deformation that 
resulted in a reduction in the a rc  length over which the coolant passages were 
spaced. Because the stave width is smallest at the throat station, most of the 
deformation occurred there. As a result, when the staves were trimmed to 
60-deg circumferential segments, the seam land widths here  were greater than 
desired. Results of water flow tests,  conducted after the staves were formed, 
indicated that there were passage-to-passage flow variations in the chamber. 
The passages adjacent to the burned seams had flowrates as much as 1'7% below 
the average passage flowrate. 

The 
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Figure 99. Second One-Piece Regenerative FE 89690 
Chamber after Test  1 .03 
Showing Burn-through 

Figure 100. Second One-Piece Regenerative FE 89691 
Chamber after Test 1.03 
Showing Eroded Seams 
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After the failure in  the throat region of the second one-piece chamber, 
the assembly was  cut into three separate sections: a combustion chamber 
section, a throat section, and a nozzle extension. Two design changes made 
to the throat section to provide added cooling in the seams (revising the etching 
master  to account for the deformation cause by the forming operation, and in- 
creasing seam passage widths to  provide more coolant flow in these passages) 
solved the seam erosion problem. Fourteen total tests were made with this 
chamber. The first 11 of these tests (Test No. 3.02 to 14.05) were made using 
the scarfed element injector with a 100-scfm faceplate. In these tests, there 
w a s  no erosion or  damage of any type to the chamber hardware. 

In the last three tests (Tests No. 15.01, 16.01, and 17.01) of the three- 
piece chamber, some throat erosion occurred. Post-test inspection of the 
chamber after the second altitude test (Test No. 15.01) revealed some erosion 
to the throat section shown in figure 101. Note that although there w a s  erosion 
in a seam, there was  also erosion in a non-seam area. This erosion is attri- 
buted to local blockage of the 40-scfm Rigimesh faceplate of the scarfed element 
injector (figure 102). The blocked area of the Rigimesh faceplate w a s  suspect 
because of its appearance after machining, and an acid etch w a s  used to res tore  
porosity in the affected area prior to testing. However, this w a s  apparently 
not completely effective because the erosion in the throat section stave was 
aligned with the damaged Rigimesh area. 

h 

Figure 101. Regenerative Throat Section 
Erosion after Test 15.01 

FD 41287 
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Blocked Area 

Figure 102. 40-scfm Faceplate for Scarfed FD 49747 
Element Injector Showing 
Blocked Area 

To permit continuation of testing, the a reas  of the throat section eroded 
in Test No. 15.01 were repaired by electroplating nickel to f i l l  the voids. Un- 
fortunately, the plating came off during the third altitude test (Test No. 16. O l ) ,  
as shown in figure 103. The remainder of the nickel plate w a s  subsequently 
removed and the eroded areas were filled by weld depositing nickel. In the 
last altitude test with the converging fuel stream/40-scfm faceplate injector 
configuration, some of the weld in the damaged area in the middle of the stave 
came off (figure 104), but that in  the seam remained intact. Erosion w a s  also 
observed in other a reas  of the throat after Test No. 17.01. The most severe 
was  in the same stave previously damaged in Test No. 15.01. (See figure 104. ) 
In other staves, the erosion w a s  very slight and it could more correctly be 
described as areas  where the surface was  roughened. Attempts to correlate 
the eroded regions with coolant passage flowrates and coolant bulk temperature 
were unsuccessful as indicated in figure 105. The eroded areas generally align 
with the outer injection elements. However, a post-test inspection of the in- 
jector revealed that all of the injector swirler caps w e r e  intact and therefore 
gross  injector streaking w a s  not the problem. 

The highest measured wall  temperature (0.025 in. from the combustion- 
side) was 1689"R, which should correspond to a combustion side wa l l  tempera- 
ture of 2189"R (very close to the design value of 2160"R, o r  1700°F). 
this comparison, it appears that the design wall  temperature for the chamber 
was  too high for the flox/methane combustion environment. In Tests  No. 3 . 0 2  
to 14.05, where no chamber erosion occurred, the maximum indicated com- 
bustion side wal l  temperature w a s  approximately 1400 O F .  Therefore, a design 
wall  temperature for  a nickel THERMAL SKIN@ chamber that would provide 
good hardware durability can at least be bracketed. 
appear that the design wall  temperature could be above 1400 O F ,  but l ess  than 
1700 "F. 

From 

Specifically, it would 
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Figure 103. Regenerative Throat Section FD 41289 
after Test  No. 16.01 Showing 
Erosion of Plating Repair 

Figure 104. Regenerative Throat Section 
after Test No. 17.01 

141 

FD 41290 



I "ol,I _ I_

+

,=- +_

+

9 "oN, m_S pp_. --.--

+

_-_ +

. j!
M

+ _
zN

_ +
+

+

_ +

+

_ +
+ i_m

r_ =,_ _t_t- ____

+ _
_g

_ +

+

0

I /7 - r----
' ( • :%

_, .... -_I{;_- -
/----ll_l - ll . _'_.| &

I l L/_.,zJ\ _ o

• _ _

.=--T -_ ,3 -_--0- --

_Y t

' 't !
e

--1 0
-_ 0 ---

//" O

/ o

I)

)--:l ) - °o
0

0

I _-4- 0

O_qdS SS_I.LSIO -- -- -- -- --
_I3ZIqIXO _io + _dD..LY_l_tdl_t _11 _nNfl _1o" _]'tll3_V_l_]dHtl, ._,L TIYA_ -_tVql" h_(T[3_I_IyA_

3DVSSVd 3AI.LV"I_I

P"
00
OO
O
00

O

O

<D

O

.,-4

;-4
O

8

O

O

0

0

_4

0

°.,,i

142



SECTION IX
THRO TTLING INJE CTOR HA RDWA RE

A. GENERAL

In addition to the fixed-thrust injectors described in Section IV, a dual
orifice throttling injector was designed, fabricated and tested under the contract.
The dual orifice injector was sized for a maximum thrust level of 5,000 lb at

500 psia chamber pressure and for a throttling range of 10 to 1 using ilox/methane
propellants. In this section of the report, the dual orifice injection principle and
P&WA's experience with this type injector are given. The injector hardware and
results of injector cold flow tests are discussed.

B. DUAL ORIFICE INJECTION PRINCIPLE AND P&WA EXPERIENCE

To provide a throttling capability with liquid propellants, an injector must
have characteristics that maintain relatively high injection velocities and pressure
drops as the thrust level (and therefore flowrate) is decreased. In the engine
application of interest in this program, where the fuel is used to regeneratively
co01 the thrust chamber and thus reaches the injector in a gaseous state, the in-
jector requirements for achieving throttling are simplified because the density
of the methane fuel will increase as the thrust level (and hence chamber pressure)
is decreased. Hence a conventional fixed-area injector can be used on the fuel
side. With it, the injection velocity will remain essentially constant, and the
pressure drop will not decrease as rapidly as with a liquid propellant.

Dual orifice injection elements were used in the oxidizer injector for
throttling the liquid oxidizer, flox. The dual orifice injector principle can be
explained by use of the single element flow schematic presented in figure 106.
In dual orifice injectors, individual injection elements consist of two concentric

orifices that are fed from two separate flow circuits. The inner (primary)
orifice is sized to provide high pressure drops and high injection velocities at
low-thrust flowrates, and the outer (secondary) orifice is sized for maximum-
thrust flowrates.

Propellant

Supply

i--Flow Divider I-'1
| Valve I I

._. _/-Secondary

_ Injector

_ "J/ I I'-- Primary
/ II Injector

"Total Propellant J

Control Valve _"

. Primary Inje_;tor Orifice

"__P_'_-_ Secondary Injector Orifice

Injector Detail

Figure 106. Dual Orifice Injector Flow
System Schematic

FD 48023
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A close-coupled flow divider valve in combination with the dual orifice
injector provides the throttling capability. As the thrust level is decreased and
the secondary injector pressure drop decreases, the flow divider valve is closed
downto maintain a high pressure drop across the primary injector. The result-
ing high velocity flow emitted from the primary orifice energizes the flow from
the secondaryorifice by a momentum exchangebetweenthe concentric flow streams.
Thus, eventhoughthe secondary injector pressure drop decreases as thrust level
is decreased, the injection velocity is maintained at a high level.

Dual orifice injection systems have beenused successfully for years for
fuel injection in turbojet engines. Swirl-type dual orifice orifices are used in
the turbojet to promote high combustion performance over a wide thrust range.
The applicability of dual orifice injectors was extendedto rocket engines in
Air Force research contracts. In an initial contract dual orifice injectors having
triplet andquadruplet impinging elements were demonstrated with the earth-
storable propellants, N204/50% UDMH-50%N2H4. In two later contracts dual
orifice injectors having concentric-tube elements were demonstratedwith
fluorine/hydrogen propellants. Injectors of 1000-1band 8500-1bfthrust ratings
were tested. Both injectors were designedfor injection of the hydrogen fuel
as a gas.

Highperformance was obtained over a wide thrust range with both the
earth-storable and fluorine/hydrogen propellant combinations. Results of
the contract efforts are reported in references 7, 8, and 16.

At the conclusion of the Air Force contracts, the 8500-1bfmaximum
thrust injector was evaluated with flox/methane propellants under an independent
research program. Tests were made at chamber pressures of 250,500 and
750psia. The c* performance dataobtained with this injector are presented in
figure 107. At 500- and 750-psia chamber pressure where it was not possible
to vary primary-to-secondary injector flow split appreciably (becauseof injector
structural and geometry limitations), the c* efficiency level was about the same
as that obtainedwith fixed-thrust concentric-tube RL10 injectors tested with the
same propellants. At 250psia chamber pressure, flow split could be varied over
a wider range and hence it was possible to obtain much higher performance. For
example, at mixture ratio of 5.75, c* efficiency with the 8500-1bfthrust dual
orifice injector was 96%.

Outstandingdual orifice injector durability was demonstratedwith flox/
methane aswell as with the earth-storable andfluorine/hydrogen propellants.
With these three propellant combinations a total of 5364sec of firing time was
accumulatedwith dual orifice injectors in 140 tests.
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C. DESCRIPTION

The dual orifice injector evaluated in the program is illustrated in figure 108.
It is a concentric-tube injector that has features and materials of construction that
were demonstrated with the fixed-thrust injectors. These include: (1) a flange-
type attachment for thrust chamber mounting, (2) bolt-on fuel injector parts that
permit easy removal from the oxidizer injector so that the latter can be separately
cleaned and passivated, (3) fuel gap spacers to keep the oxidizer spuds centered
in the orifices of the faceplates, and (4) nickel and Inconel material for the oxidizer
injector parts. Also as in the fixed-thrust injectors, a welded and brazed oxidizer
assembly is used. The backplate is welded to the primary and secondary injector
spud plates by circumferential welds. The primary spuds were brazed into the
primary spud plate using gold-nickel braze material.

The two injector faceplates illustrated in figure 108 were fabricated for
the dual orifice injector. One was of a conventional design in which the oxidizer
spud tips were flush with the combustion-side surface of the faceplate. The other
design had the spud tips recessed 0. 100 in.behind the faceplate*. With both

faceplates, the fuel was injected axially. Also, both faceplates were composite
designs, having high permeability (100-scfm) Rigimesh material in a 0.250-in.
wide annular ring near the combustion chamber wall to reduce heat transfer
near the wall. The center portion of the flush-spud faceplate was constructed

of 40-scfm Rigimesh material, while copper was used for the center of the
recessed-spud faceplate.

*This spud recessment length was selected based on single element tests
presented in subsection E.
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The heat shield and the liquid nitrogen jacket shown in figure 108 are two
features not previously used on the fixed-thrust injectors and hence they
deserve explanation. The heat shield was used to reduce heat transfer between

the gaseous methane fuel and the flox at throttled conditions. It is held in place
on machined steps at the base of the oxidizer spuds by the fuel gap spacers to
form a stagnant gas cavity between itself and the oxidizer spud plate. With the
gas cavity, the heat shield was calculated to be four times more effective than
using an insulating shield alone. The liquid nitrogen jacket is provided on the
back of the injector for cooling during pretest periods to maximize the steady-
state period of the low thrust level tests.

From a performance standpoint, the dual orifice injector was designed
based on the experience cited in subsection B above, and using the guidelines
established for the fixed-thrust injectors, given in Section IV. It has the same
number of elements (65) and element spacing used for the fixed-thrust injectors.
Table XIX presents injector element characteristic dimensions and important
injector operating conditions. The injector orifices were sized to achieve a

high fuel-to-oxidizer momentum ratio and to provide injector pressure drops
(that would be consistent with those for the 5K flox/methane pump-fed engine

designed under Contract NAS3-12010 (reference 17). At maximum thrust
(5,000-1bf thrust and 500-psia chamber pressure) and a mixture ratio of 5.25,
the approximate fuel and oxidizer secondary pressure drops are 170 and 70 psi
respectively. The corresponding injection fuel-to-oxidizer momentum ratio is
3.5. The primary injector was sized so that at the 10% thrust level, with a flow
split of 50% the approximate pressure drop would be 25 psi. Structurally the

injector was designed to operate with primary-to-secondary pressure drops up
to 400 psi. This pressure capability was provided so that adjustments could be
made to the test stand flow divider valve during firing tests to vary and optimize
the flow split at any thrust level and mixture ratio. Figure 109 illustrates the
range of flow splits over which the injector can be operated as a function of
thrust level. The injector was also designed for uniform mass and mixture
ratio profiles. To achieve these features, the oxidizer orifices and the fuel gaps
on the outer spud row had to be made larger than those on the three inside spud
rows.
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Table XIX. Dual Orifice Injector Characteristic Dimensions

And Operating Conditions

Oxidizer secondary orifice diameter, in.

Inner row

Outer row

Oxidizer primary orifice diameter, in.

Inner row

Outer row

Fuel injector gap size

Inner row

Outer row

Design oxidizer secondary injector Ap*, psi

Oxidizer primary injector Ap., psi

Design fuel injector A P*, psi

Design fuel-to-oxidizer momentum ratio*

*Chamber pressure = 500 psia; Mixture ratio = 5.25

0.069

0.075

O.0175

O.0192

0. 009

0. 012

70

70 to 400

170

3.5

D. INJECTOR COLD FLOW TESTS

As with the fixed-thrust injectors, cold flow tests were made with the

dual orifice injector to obtain spray pattern photographs, calibration data,
and mass and mixture ratio injection profiles. Figures 110 through 114 show the
photographs of the injector spray patterns. Spray patterns for approximately
maximum-thrust flowrates are shown in figure 110. The first photograph in

this figure was taken with water flowing through the oxidizer side of the injector;
the two remaining photographs show the added effect of nitrogen gas injected
through the faceplates. Figure ll0b was taken with the flush-spud 40-100 scfm
faceplate and figure ll0c with the recessed-spud, copper-100 scfm faceplate.
Note that the spray plume is wider with the recessed spud faceplate, thus in-
dicating better atomization and mixing. Figures 111, 112, 113, and 114 show
spray patterns obtained at 100%, 50%, 20%, and 10% thrust levels with the
recessed-spud copper-100 scfm faceplate. In each photograph the progressive
effect of increasing primary injector flow and gas injection is shown. At all
thrust levels atomization improves with increasing primary flow and with gas

injection.
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The injector was calibrated to determine the effective flow areas of
(1} the oxidizer primary injector, (2) the oxidizer secondary injector, (3} the
fuel injector, and (4) the Rigimesh of the faceplates. The oxidizer injector
calibration was accomplished using water; gaseous nitrogen was used to calibrate
the fuel injector and the Rigimesh. In Rigimesh calibrations, the fuel injector

orifices were plugged. The effective flow areas determined during the calibration
tests are given in table XX.

Table XX. Dual Orifice Injector Effective Flow Areas

2
Oxidizer primary injector AC D - in.

Oxidizer secondary injector AC D - in.

40-100 scfm Rigimesh faceplate

2

OverallAC D-in.2 0.212 [ 0.274 3

Rigimesh AC D - in. 2 0.0705 [ 0.0388 ]

Rigimesh flow - % 33., 3 [14.2 _1

Copper - 100 scfm Rigimesh faceplate

OverallAC D- in. 2 0.200 [ 0.246

Rigimesh AC D - in. 2 0.0104 [ 0.0108

Rigimesh flow - % 5.2 E 4.4

*Bracketed terms are design values.

The patternator described in Section IV was used in the cold flow tests to
determine mass and mixture ratio profiles. Mass flow profiles were obtained
by injecting water through the oxidizer and fuel sides of the injector in separate
tests. A mixture ratio profile was calculated from the measured mass flux data.
It is shown together with the mass flux profiles in figure 115.
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E. SINGLE INJECTOR ELEMENT, RECESSED SPUD COLD FLOW TESTS

Single-injector element cold flow tests were made to evaluate the effect of

spud recessment on atomization and thereby establish the recessment length to be
used with the copper-100 scfm faceplate for the dual orifice injector. The spud
configuration evaluated in the tests is shown in figure 116. Spud recessments
from flush to 0.200 in. were evaluated with water injected through the oxidizer
spud and gaseous nitrogen through the fuel gap. Photographs of the spray pattern
shown in figure 116, were obtained with an open shutter camera and a short (0.8
ttsec) flash duration. Improvement in mixing and atomization was indicated as
the spud recess length was increased.

In the flow tests, it was noted that as the gaseous nitrogen flow through the
fuel gap was increased, corresponding increases had to be made in the oxidizer
spud pressure drop in order to maintain a constant water flowrate. Figure 117
shows the spud pressure drops that were required to maintain a water flowrate
of 0.14 lb/sec as a function of the fuel injector inlet pressure and spud recess
dimension. The required increase in spud pressure drop increased with in-
creases in both fuel injector inlet pressure and spud recess length. Furthermore,

with spud recessment length of greater than 0. 125 in., variations in the re-
cessment of only 0. 010 in can cause a significant spud pressure drop change.
Thus in an injector where the spuds have a common manifold, small deviations
in spud recessment length could cause oxidizer spud-to-spud flow variations.

This effect, together with a concern for faceplate durability, led to the selection
of a recessment of 0. 100 in for the copper-100 scfm faceplate. From an
atomization standpoint alone a recess of up to 0. 200 in. would be preferred;
however, with a 0. 100 in. length, small changes in spud recessment due to
manufacturing tolerances and/or faceplate warpage during test should cause
less oxidizer spud-to-spud flow deviations, and hence less mixture ratio

variations in the chamber than if the spud recessment were larger.
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SECTION X
THROTTLING INJECTOR TESTS

A. GENERAL

Four dual orifice injector tests were conducted in the program; all were
of long duration and were made with a water-cooled thrust chamber. The
total firing time accumulated was 295 sec. Separate tests were made at
chamber pressures of 500, 250, and 100 psia. At each chamber pressure
level, the effect of mixture ratio and dual orifice injector primary-to-secondary
injector flow split on performance was evaluated. Results of the tests are
presented in this section.

B. TEST SUMMARY

Table XXI summarizes dual orifice injector testing. Only the flush-spud
40-100 scfm Rigimesh faceplate was used. A full-length water-cooled thrust
chamber assembly, consisting of the throat section from the 3-piece regenera-
tive chamber assembly and the water-cooled combustion chamber sections and
altitude nozzle extension (described in Section V), was expanded to simulated-
altitude exhaust conditions. The characteristic combustion chamber length
was 52 in. and the thrust chamber expansion area ratio was 60 to 1. Tests
were accomplished in the B-29 test stand of the Liquid Propellant Research
Center at P&WA's Florida Research and Development Center, which is
described in Appendix B. As in fixed-thrust injector tests, the methane gas
supplied to the injector was heated to approximately 840°R in a steam heat
exchanger. Data were obtained at chamber pressure levels of 500, 250 and
100 psia; at each chamber pressure level, excursions of oxidizer injector
flow split and mixture ratio were made.

C. PERFORMANCE DATA

1. General

Tables XXII and XXIII present the measured and derived data obtained
in the dual orifice injector tests. All of the measured data for tests 18.01,
19.01 and 21.01, represent average values for 2-sec steady-state periods.
Reduced time periods for data averaging had to be used in test 20.02 because
of the chugging-type combustion instability encountered in that test. The

instability, which was eliminated in the following test, is discussed in
Subsection D.

The equations used to determine performance parameters of table XXII
are described in detail in Appendix C. As in the water-cooled chamber tests,
a throat discharge coefficient of 0. 985 was used to calculate c* and thrust
coefficient data. The throat total pressure was determined from injector
face tap measurements; the measured values were reduced to account for a
momentum loss of 1.38% which had been verified in sea level thrust chamber
tests described in Sections VI and VIII.
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The oxidizer injector flow split, defined as the ratio of the primary
injector flow to the total oxidizer flow, is included in the derived data table.
The primary flow rate used to calculate this parameter was computed using
the primary injector pressure drop measured in the tests and the effective
flow area for the primary injector determined in water flow calibrations.
Curves of the oxidizer primary flow rate and injector flow split are given in
figure 118 as functions of primary injector pressure drop.

Impulse data could not be derived for some data points in tests 19.01 and
21.01 because the steam accumulators, which supply the ejectors of the test
stand altitude system, were depleted during these tests and as a result,
adequately low nozzle exit pressures could not be maintained. (This is not a
normal occurrence; tests 19.01 and 21.01 were started with an abnormally
low steam accumulator pressure level to expedite testing.)

In all of the dual orifice tests, as in the fixed-thrust injector tests, thrust
system tare was established at pre-test conditions (i. e., with the propellant
and coolant supply lines pressurized and at operating temperature}. It was
theorized that the differences between pre- and post-test tares observed in
fixed-thrust tests were caused by expansion of the heated methane supply line;
therefore, thermocouples were installed to monitor the line metal temperatures
prior to the dual orifice injector tests. Also the test procedure was modified
to allow for longer duration heated methane ventings to raise the line tempera-
ture before each test. This modified test procedure was not completely
effective because, as shown in figure 119, the line metal temperature increased
during the tests, and, more importantly, in first two tests (18.01 and 19.01},
differences in pre- and post-test tare values as large as 51 lbf were obtained.
As a result, the support for the heated methane supply line was changed before
the final two tests from a ground-type to a hanging-type, with which large pipe
expansions (or contractions} could be tolerated. This apparently solved the
thrust tare problem because the pre- and post-test tare values for the last
two tests agreed within 9 lbf.

2. Performance Comparisons

Performance data were obtained in the dual orifice injector tests over the
100- to 500-psia chamber pressure range, at mixture ratios from 4.0 to 5.7
and with oxidizer injector flow splits from 8 to 30%. Figures 120, 121 and 122
show the effect of flow split on c* efficiency at the three chamber pressure
levels (500, 250 and 100 psia} evaluated.

At 500-psia chamber pressure, c* efficiency was practically unaffected
by changes in flow split. This result is attributed to the fact that at this
chamber pressure level the contribution of the primary injector is small,
even with high pressure drops. In the 500-psia chamber pressure test,
primary injector pressure drop was increased from 87 to 240 psid without
affecting performance. At the lower chamber pressures (250 and 100 psia}
the effect of oxidizer injector flow is more pronounced. At the higher mixture
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ratios for 250-psia chamber pressure and at all mixture ratios at 100 psia
chamber pressure, c* efficiency increased with increasing primary injector
flow. At 250-psia chamber pressure and for mixture ratios above 5.0,

performance was increased by about 1% by increasing flow split from 8.5 to
25%. At 100-psia chamber pressure, although all the c* data are low (less

than 90%), significant performance improvements were obtained by increasing
flow split; at a mixture ratio of 5.0, c* efficiency increased about 4% as the
flow split was increased from approximately 18 to 30%. At this mixture ratio,

as well as 4.5, it appears that further performance increases could be
achieved with higher flow splits. Additional testing would be required to
evaluate higher flow splits at this chamber pressure.

From the tests that have been made with the dual orifice injector, a

curve showing how flow split should vary with chamber pressure to achieve
highest performance can at least be approximated. Figure 123 presents such
a curve; it indicates that as chamber pressure is decreased, higher flow

splits are required for highest performance.

Altitude performance information obtained with the dual orifice injector
at flow splits near optimum values is presented in figure 124. Also shown in
this figure are the performance curves for the converging fuel stream injector,
the highest performing fixed-thrust injector tested in the program. All of the
data for the dual orifice injector falls below that for the converging fuel stream
injector. The impulse and impulse efficiency reflect reduced values obtained
for the more basic performance parameters, c* efficiency and thrust
coefficient efficiency. The c* efficiencies are less with the dual orifice
injector, apparently because of poorer atomization and mixing achieved by
this injector. The 40-100 scfm faceplate, which provides a conventional flush
oxidizer spud configuration, was used on the dual orifice injector in all tests.
Because the water flow tests made with the recessed-spud, copper-100 scfm
faceplate indicate better atomization and mixing (Section IX), that faceplate
should provide higher performance. Recessing the oxidizer spuds of
concentric-tube injectors has raised performance with oxygen-hydrogen
propellants (reference 18) and probably will be beneficial with flox/methane
as well.

The thrust coefficient efficiencies obtained with dual orifice injector
agree with the curve established for the converging fuel stream injector at
500-psia chamber pressure but are lower at lower chamber pressures.
Although these reduced thrust coefficient efficiencies could be attributed to
increased chemical non-equilibrium losses at the lower chamber pressures,
and possibly (at 100 psia chamber pressure) to the effect of abnormally low
c* efficiencies, additional tests would have to be made to substantiate either
effect.
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D. STABILITY

The dual orifice injector provided stable combustion at all chamber
pressure levels. No high frequency instability was noted. However, low
frequency (1 to 3 cps) chugging-type instability was encountered at the
100-psia chamber pressure level with low oxidizer injector flow splits in
test 20.02. Figure 125 shows an oscillograph trace for this test, illustrating
the instability that was encountered; the flow split was 18%. Stable combustion

was achieved at this chamber pressure level with higher flow splits in test
21.01; figure 126 illustrates the stability obtained with a 30% flow split. The
peak-to-peak amplitudes of the most unstable test parameter, oxidizer sec-

ondary injector pressure drop are correlated with injector flow split in
figure 127. As indicated by the decay of the peak-to-peak amplitudes,
stability increased with increasing dual orifice flow split.

E. CHAMBER HEAT TRANSFER DATA

The water-cooled chamber hardware described in Section V, together
with the throat section of the three piece regenerative chamber, was used in
the dual orifice tests. The heat transfer data obtained are presented in
table XXIV; parameters included in this table are defined in figure 29 of
Section VI.
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The measured overall thrust chamber heat transfer and the ratio of the

measured-to-predicted heat transfer values are shown in figure 128 for the
three chamber pressures evaluated in the tests. In comparison to the fixed-
thrust injectors, the dual orifice produces higher thrust chamber heat trans-

fer. With the fixed-thrust injectors heat transfer was generally less than the
predicted (theoretical) level established by the Bartz short form equation;
however, with the dual orifice injector, heat transfer is generally above the
theoretical level.

The data in the lower part of figure 128 show that the ratio of measured-
to-predicted heat transfer increased as chamber pressure decreased. At
mixture ratio of approximately 5.0 for example, the measured-to-predicted
heat transfer ratio ranges from approximately 1.0 at 500-psia chamber
pressure to 1.2 at 100-psia chamber pressure.

Figure 129 presents heat transfer data for the separate thrust chamber
sections. The figure shows the measured rates to be greater than correspond-
ing predicted levels in the spoolpiece, throat and nozzle sections but con-
siderably less than predicted levels in the chamber section adjacent to the
injector.
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F. HARDWARE DURABILITY 

The dual orifice injector demonstrated excellent durability. In tests 
18.01 through 21.01, 295 sec  of firing time was accumulated without damage. 
Figure 130 shows the injector after test  21.01. 

Figure 130. Dual Orifice Injector after Testing FE 104113 

The throat section of the three piece regenerative chamber was  used in 
the dual orifice tests. It was water-cooled and there was no damage. Figure 
131 illustrates the post-run condition; the total firing time accumulated with 
this throat section in fixed-thrust and throttling injector tests is 419 sec. 

The other chamber hardware provided acceptable durability. The 60 
to 1 expansion ratio nozzle functioned without incident; however two minor 
problems were encountered with the combustion chamber sections. One of 
these occurred after test 19.01 when the spool section had to be replaced 
because a leak check of its cooling jacket revealed several  small  interior 
leaks between the staves in the area of the coolant exit manifold flange. A 
post-test inspection showed erosion in the same area. The erosion and leaks 
are attributed to overheating resulting from excessively long transverse land 
areas at the end of the spool-section cooling passages. The chugging-type 
combustion instability that prevailed in test 20.02 caused the other hardware 
problem. Approximately 25 sec  into that test, two chamber pressure tap 
fittings and connecting instrumentation tubes were burned out. The test was 
terminated quickly enough after the burnouts occurred so that damage was 
confined to the chamber pressure taps and tubes. Subsequently the tubes 
were removed and the taps welded closed so that testing could be  continued. 
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Figure 131. Throat Section from Three-Piece FD 48052 
Regenerative Chamber after 
419 Seconds Firing Time 
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APPENDIX A
THRUST CHAMBER HEAT TRANSFER AND STRESS ANALYSIS

A. HEAT TRANSFER ANALYSIS

1. General

Analysis and design of the regenerative and water-cooled thrust chambers
were similar. In both cases, the thrust chamber contour was preselected, and
the objective was to determine the coolant passage configuration. For the regen-
erative thrust chamber, the passage configuration that provided tolerable wall
temperatures with minimum coolant pressure loss was selected. The coolant
passage geometry for the water-cooled chamber was selected so that the water
coolant temperature rise was measurable and the wall temperatures acceptable.

For both chambers, candidate coolant passage configurations were eval-

uated with the aid of an IBM-360 computer until a preferred configuration was
selected. Inputs and outputs for the computer program are given in table XXV.
The analysis performed by the computer included an iterative stepwise solution
of the continuity, energy, momentum, and state equations, solved together with
a heat balance equation to determine the coolant conditions and wall temperatures
along the thrust chamber contour.

Table XXV. Heat Transfer Computer Program Parameters

Known Parameters (Input) Calculated Parameters (Output)

Combustion side heat transfer profile

Adiabatic wall temperature profile

Coolant passage configuration

Coolant flowrate and inlet conditions

Coolant properties

Coolant conditions

Wall temperature profiles

Heat flux profile

Before giving the equations used, several important aspects of the heat
transfer analysis, including the selection of the combustion side and coolant side
heat transfer coefficients, and the fin analysis employed for the web between
passages are discussed.

In designing the water-cooled and regenerative cooled thrust chamber,
different combustion side heat transfer coefficients were used. For the water-

cooled chamber design, the simplified Bartz short form equation (reference 19)
was used to compute th'e combustion side heat transfer coefficients. This equa-
tion was selected because it provides coefficients for flox/methane that closely
agree with those computed using more rigorous boundary layer equations. It is

also simple to apply because it is a closed-form equation. Use of the rigorous
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methods, which involves stepwise numerical integration of the open-form
boundary layer equations, was not considered to bewarranted because the
injector designhas such a significant effect onheat transfer that minor errors,
introduced by use of the simplified Bartz equation, are small in comparison.
For the regenerative cooled thrust chamber design, the coefficients derived
from the water-cooled chamber test data for the highest performing injector
(the converging fuel stream injector with a 40-scfm faceplate) were used. The
coefficient profiles used in the design of the two chambers are compared in
figure 132.

Onthe coolant side, the chemical machining process used to etch the pas-
sages in THERMAL SKIN ®chambers causes roughness of a sand-like nature that
must be accountedfor in the heat transfer calculations. Roughnessmeasure-
ments havebeenmade for copper, nickel, Inconel, and stainless steel. For
these materials the measured rms roughnessvalues (_) ranged from 90 to
150_zin. Thesevalues compare with rms roughnessvalues of 60 or less for
smooth surfaces. Becauseof the combined effect of this roughness and small
coolant passages, the relative roughness (expressed as a ratio of the rms rough-
ness value to the hydraulic diameter of the coolant passage, _/D) is large and
hencehasan augmentationeffect on the coolant side coefficient. The coolant
coefficient equation of Dipprey and Saberslry (reference 20), was selected as the
most representative for this application, since it was basedupon experimental
data obtained in tubeshaving various degrees of sand-grain roughness. The
equation represents an extension of Nikuradse's classical work (reference 21),
involving roughnessand its effects on friction and velocity profiles, into the heat
transfer area.

No enhancementfactor for the coolant side coefficients to account for
throat curvature was used becauseof a lack of published experimental data show-
ing this to be a significant phenomenonfor high Reynolds No. flow in noncircular,
hydraulically rough passagesof small hydraulic diameters.

The heat transfer conduction through the THERMAL SKIN wall was com-
puted by treating the websbetween the coolant passagesas fins and applying a
one-dimensional fin equation developedby Kraus (reference 22). This fin
analysis assumes rectangular passagesand a uniform temperature across the
web (figure 133). In the combustion chamber and throat regions, where the heat
fluxes were high, a two-dimensional heat transfer conductionanalysis was used
to determine wall temperatures. In these two-dimensional analyses, the actual
passageshape, i.e., the corner passageradii, was analyzed.

182



\
\

/

\

• i

i

! --!

_ _ °

oo
uD
cq
oo

{n
_D

,---4

(9)

%)

<D
O

(D

[n

(D

°_._

_Q
I

O

[n

O

_4
eD

(9.)

183



R__/See Detail

Below

Tb

Combustion Side Q/A

I .........

"--- S ---_

'f(AR)

-t
D Tb

_i_

T.g-J T.o
Taw

Figure 133. Equivalent Fin Based on Passage
Web Dimensions

FD 44523A

2. Analysis

The equations used in the heat transfer analysis are presented below. For
an incremental section of a coolant passage, as shown in figure 134, the conti-
nuity, energy, momentum, and state equations can be written as follows:

Continuity equation

l_I = constant

Energy equation

H. =
J

Momentum equation

dP
dX _- _--H) ..... gc _ AX
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where

_ 1VH =
2gc Pb

and

f/_w\ 40f

State equation

P = p (T b, Pb )

The bars over the parameters refer to average values for the increment AX.

j-1 J
I_ _|

i_ AX v-

I I
I I

I _'""" _ "_ I
P j _dA s J p + dp
T
H _ I T+dT

u I _ H+dHU+dU
A I I A+dA

I I

Figure 134. Coolant Flow Passage Element FD 23426A

The friction factor fh is the isothermal friction factor corrected for heat
transfer based on the work of reference 23. Pressure drops caused by sudden
expansions and contractions in the flow area were treated by incompressible flow
equations.

The transport and thermodynamic properties of the coolant required to
solve the equations were "built" into the computer programs in the form of
equations and tables. Properties of water were obtained from reference 24.
Properties of methane used in the design of the regenerative cooled thrust
chamber design were documented as part of the contracted program and given
in the Interim Report, reference 1.
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For eachincrement of the thrust chamber, a one-dimensional heat balance
equationwas solved to determine the wall temperatures, which canbe written as:

k

q - - Twg) hg - -_A (TAw = (Twg Twc) =
_ A T(Twc T b) h c

where

h
C = St(T_c) °'55 Cpb(_sA )

The Stanton number as mentioned earlier is based on the Dipprey and Sabersky

equation. The constants in the equation were modified to correspond to those
experimentally determined in reference 25. The Stanton number equation is:

St =
f/2

0.92+ _-_ I4.7(_*) 0"2 (Prb)0"44- A(e*)]

where

* = Re b_(_/DH)

A(_*) = q2q_+ 2.5 ]n(2{/DH)+ 3.75

The term e in the equations is the measured passage surface roughness. The
isothermal friction factor was obtained by performing iterative calculations for
the function shown in figure 135. The dimensionless terms _* and A(e*) are
used to correlate the friction factor data normally presented on a Moody Diagram.

¢_ 11"01 ____
+_ 10.0 Smooth Tubes

_ 9.0

N 8.0

e,i

+ 7.0

6.0

5.0
<: 1

Tubes

-- Fully Rough

10 100

£*-- Reb_ (E/DH)

1000

Figure 135. Friction Similarity Function FD 23422
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The term, A', represents the ratio of the combustion side-to-coolant side
heat transfer area. It accounts for the heat transfer effect due to the web between
passagesby employing Kraus' one-dimensional fin equation defined as follows:

A + Afw _fin
A' =

A

where

tanh M?
fin M

M z _2h cD+ w(AR)_ Kw S

A = 27rR

A = W. N
W S

Af = 2ED + w (AR)] N s

Figure 133 shows the equivalent fin geometry in terms of the above symbols.
The term AR is used to control the amount of the passage back wall which
effectively transfers heat. The value of this term is based upon two-dimensional
studies and is a function of the conductivity of the back wall material. For low
conductivity back wall materials such as stainless steel or Inconel, AR = 0

gives the best agreement with two-dimensional calculations.

B. COOLANT PASSAGE STRESS ANALYSIS

After the coolant passage geometry had been sized by heat transfer calcu-
lations, a stress analysis was performed. Stresses of concern were bending
and shear stresses in the combustion side wall, the bond (or web) stress level
and thermal stresses. Because the THERMAL SKIN chambers (the water-cooled
as well as the regenerative cooled chambers) were of constant depth and constant
hot wall designs, the stress analysis dictated the minimum land widths and the
maximum passage widths.

The equation used in the analysis and the allowable stresses are as
follows:

Bending Stresses

pw 2
gB = " gB <_

2_2 ' - y

where
Y

for hot wall material

is the material yield strength.
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Shear Stresses

s 2_ '
a < 0.57a
s u

for hot wall material

where a u is the material ultimate
strength.

Web Tensile Stresses

a l>w
_ °

T S ' a T -< ay for hot wall material

also

a T -< braze and diffusion bond strength.

Thermal Stresses

aTH

1 (TWl)- a2 (Tw2)] E1

_1 E1
1+

62 E 2

The bending stress equation was derived from a fixed-end, uniform load
beam analysis with bending about fixed ends. The shear and web tensile stress
equations were derived considering the coolant pressure forces. The thermal
stress equation is introduced because the back wall and the combustion side wall
are not at the same temperature. All stresses were calculated assuming square
corner passages. Because etched passages have rounded corners, this assump-
tion yields a conservative design approach where maximum passage widths are
set by bending stress considerations.

Allowable stress levels for bending, shear, and web stresses were estab-
lished in a conventional manner. For bending stresses the allowable stress was
taken to be the yield strength; the allowable shear stress was calculated as 57%
of the ultimate strength; and the allowable web tensile stress corresponded to the
lower value of either yield strength (for the combustion side material) or the
bond strength.

Establishment of an allowable thermal stress was not straightforward. In

the regenerative cooled chamber, the thermal stresses exceed the yield strengths
for practially the entire chamber length because of the large temperature dif-
ference between the combustion side wall and the back wall. These thermal

stresses will not necessarily cause failure, but the wall will be in the plastic
region of the stress-strain curve. Hence, at these thrust chamber locations,
another stress criterion was established for design. This was accomplished as
follows: Because the wall is in the plastic region, it was assumed that the wall
could not support a bending stress and, therefore, it deflects into a circular arc
with the coolant pressure acting normal to it at every location. For this assumed
plastic model a failure analysis was developed that relates the deflection angle of
the plastic front wall to a pressure loading parameter given in figure 136. As
noted in this figure, front wall failure occurs with this model at the pressure
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loading parameter value of x = 155 and deflection angle of _ = 132 deg. At this
point, the front wall is no longer able to resist the pressure load because of the

rapid thinning that occurs. Thus is proceeds to failure in a manner similar to
hoop failure in a tube.
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This analysis has been programmed as part of the heat transfer calculation

and is currently employed in place of the bending and shear equations originally

used. By incorporating this equation in the heat transfer calculation, it is pos-

sible to account for the reduction in coolant coefficient and resulting increase in

wall temperature caused by the increased flow area in an unfailed but deflected

passage.

Figure 137 is a plot of the resulting predicted passage failure pressure for

Nickel 200, as a function of mean wall temperature and passage geometry.

In this analysis the passages are assumed to have square corners. This

assumption results in pessimistic (large) deflections and hence the use of the

analysis to determine maximum allowable passage width provides a conservative

passage design.
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APPENDIX B 
TEST FACILITIES AND PROPELLANT HANDLING 

A. TEST FACILITIES 

1. General 

A l l  combustion firing tests in the program were made in the Liquid Pro- 
pellant Research Facility (LPRF). This facility is .used for all testing operations 
at the Florida Research and Development Center requiring significant quantities 
of liquid fluorine o r  flox. The LPRF (figure 138) has four separate horizontal 
firing bays for 1000-, 5000-, 15,000-, and 50,000-lbf thrust, and a component 
test  loop. (See figure 139. ) 

The flox/methane thrust chamber tests conducted under the program were 
made in the 15,000-lbf thrust firing bay. This bay and the 5000-lbf thrust bay a r e  
connected to a continuous altitude-simulating, steam-driven ejector system. The 
system includes the following equipment: (1) supersonic exhaust diffusers located 
at the two firing positions which expel combustion products into a common cross- 
over duct, (2) a tube-in-shell water-cooled heat exchanger that cools the combus- 
tion gases, (3) two steam ejectors that pump the gases to atmospheric pressure,  
and (4) a scrubber-condenser that condenses the steam and removes hydrogen 
fluoride. The capability of the ejector system to maintain exhaust pressure 
below 0.3 psia during hot testing assured full expansion of the 60 to 1 area  ratio 
chambers tested in the program. 

Water Supply Tank 7 

Fluorine Bum Stacks 

Scrubber Vent 

Heat Exchangers 
Lime Hopper -, ,-Crossover Duct I I i 

Figure 138. Liquid Propellant Research 
Facility 
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Bum Pit- x _'l __mm Acc'amulata,_ .'7 .......

Neutralizing Pond-._ _ _ _ _ _ and

Component Teat I._op B-30--,,,_ " _- mxUn, "_I_-IK B''_I i

5ooo_ G_ Tube_r-_T_- I_=_ aI_ _ __

IIII

Romdable Flox Dewmr _0 _1 - Roadable Methane Dewar 5000 gal

Figure 139. Liquid Propellant Research
Facility Schematic

FD 12808C

2. Test Stand Setup

a. Water-cooled Chamber Tests

(1) Fixed-Thrust Injectors

The test stand setups for the water-cooled chamber tests made with the
fixed-thrust injectors are shown in figure 140. Both sea level and altitude tests
were made; the setups were identical except that in the sea level tests, the
60 to 1 nozzle extension and its associated water supply manifolds were not used.
Propellants and the water coolant were pressure-fed to the test rig. Flox was
supplied from a 300-gal. oxidizer run tank. Ambient temperature methane gas
was supplied from a 1300-gal. fuel run tank, which was backed up by a 1475-gal.
tube traiter. The methane gas was heated to approximately 840 ° R in a steam
heat exchanger, located in the fuel run line just upstream of the injector.

The chamber cooling water was supplied from a 700-gal. tank. The water

flow was split and metered by calibrated cavitating venturis located in the inlet
lines to each thrust chamber section. Six venturis were used with each section.

Because the venturis were supplied from the same tank at approximately 1000

psia, the venturis were of different sizes to provide the required coolant flow-
rates to the chamber, throat, and nozzle stave segments. The venturi sizes
and flowrates were as follows:
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Venturi, Throat Average Stave Total Section
Diameter, Flowrate, Flowrate,

in. Ibm/sec Ibm/sec

Chamber 0. 098 1.01 6.06

Throat 0. 120 1.43 8.58

Nozzle 0. 106 1.15 6.90

Orifices were used in the coolant exit manifold to provide a back pressure

of approximately 600 psia, which was high enough to prevent film boiling in the
coolant passages, but low enough to provide an adequately high pressure drop
across the venturis to ensure cavitation.

Gaseous Methane

from Tube Trailer Steam A Vent

$r--Fuel

" _ Fuel _/eat
Exchan,er GN2 pu7_GHe

For Pressurization 10,11,12

_13 GHe Purge _ ,_

26,27 28

kk Fl°",ZohX._.,.,o,idi,erCon.o,Ve,.en Jll
To DewarFor rreuurization

Legend

30

31 32

Control Valve

,36

36,

I

Control and On-Off Valves

N Check Valve

Orifice

f_d Flow Nozzle and Cavitating Venturi

Turbine Meter

Altitude System

7,_ Dif f__.__

43

Figure 140. Test Stand Schematic for

Fixed-Thrust Injector,
Water-Cooled Chamber Tests

FD 23893B

(2) Throttling Inj ector

In the dual orifice injector tests, the stand setup was slightly different than
that used with the fixed-thrust injectors, as indicated in figure 141. Methane was

supplied directly from a tube trailer while the 1300-gal. tank was used for the
water supply. The most significant difference was in the oxidizer injector sup-
ply where a flow divider valve was installed to vary the dual orifice injector
primary-to-secondary flow split. Water flowrates were increased for the tests
by enlarging the cavitating venturis and by raising the water tank pressure to
1200 psiao Because the throat section of the 3-piece regenerative chamber was
used in the tests and because it did not have provisions for separately supplying
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its six staves, cavitating venturis were not used for the throat. The cavitating
venturi sizes and flowrates used with the chamber and nozzle sections were as
follows:

Section

Venturi Throat Stave Total Section

Diameter, Flowrate, Flowrate,
in. lbm/sec lbm/sec

Chamber

(2 required)

0.122 1.41 8.46

Nozzle 0. 120 1.59 8.54

1 Stz_n _ Vent

_ _ _ 9 _Fue, Control Valve

2,3,4 Fuel Iteat "

_'_l_/_' 13 Deeidar Vld_---_ _'° .q .u _'_'I".L-.'_.L..

wf_:C o
\,_0,, / " = _" 33:3,

L_d

_>_ Control and On-Off

Valves

N Chick Valve

[_ Orifice

[] Flow Nozzle and Cavitating
Venturi

[_ Flowmetmr

Altitude System

Diffuser-_

17,38 _'_

36'371 _

35

r_i_
43

Figure 141. Test Stand Schematic for Dual

Orifice Injector, Water-Cooled
Chamber Tests

FD 23893D

b. Regenerative Chamber Test Setups

The test stand piping arrangements for the separately cooled methane and
regeneratively cooled chamber tests are shown in figures 142 and 143. The
oxidizer supply system was identical in all arrangements and the same as that
used in water-cooled chamber tests. In separately cooled chamber tests at sea
level and altitude conditions, liquid methane for cooling the thrust chamber was
supplied from a 1300-gal. run tank. The methane coolant was vented downstream

of the chamber. Gaseous methane fuel, heated to approximately 840°R in the
steam heat exchanger, was separately supplied to the injector from a high pres-
sure tube trailer.
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Figure 142. Test Stand Schematics for Methane Separately
Cooled Tests
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Figure 143. Test Stand Schematics for Regeratively
Cooled Chamber Tests
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In the regenerative tests with the full length thrust chamber, liquid 
methane was supplied to the thrust  chamber, while in the sea level regenerative 
tests, ambient temperature methane gas  was provided to the chamber as coolant. 
In both cpses, the separate injector fuel supply was deleted and methane was fed 
to the injector from the thrust chamber cooling jacket. 

3. Test  Stand Controls 

A n  automatic closed-loop control system consisting of an analog computer, 
digital sequencer, and th,e test stand-mounted electro-hydraulic valves, was used 
for control of test firing events. Figure 144 is a partial view of the LPRF con- 
t ro l  room showing the analog computer. Using various control references such 
as flowrate, chamber pressure,  and mixture ratio, the computer can control up 
to 1 0  functions. The sequencer has capabilities for operating up to 40 relay 
channels in 1-msec increments over a time interval of 2000 sec. 

f ~nalog Control cOmputor---1 
-Stand Fkn Diagrams With Control 

Switchen far Main Propellant Valves Control 0-graph 

Pasitioi 7 

Figure 144. LPRF Control Room FD 19756 

Control sequencing for each of the various types of tests was established 
during cold flow tests  using the actual fuel (methane), but with liquid nitrogen 
substituted for the oxidizer. The control modes used in water-cooled chamber 
tests with the fixed-thrust and dual orifice injectors are shown in figures 145 
and 146, respectively. The tests were similar except for the sequencing of the 
flow divider valve in the dual orifice tests. This valve was on position control 
during the tests. It was preset  for tes t  startup and during a given test ,  the flow 
split between the- primary and secondary injector were varied by changing its 
position. 
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In both the fixed-thrust and dual orifice injector tests the water coolant
flow was started approximately 20 sec before start of the propellant flows. The
oxidizer and fuel control valves were ramped on position control modes at startup
to set points that provided a mixture ratio of 4.0 at approximately 100-psia
chamber pressure. Both valves remained in their respective positions until a

flow of liquid oxidizer was established at the injector. Then the control system
was switched to a chamber pressure-mixture ratio control mode and chamber
pressure was ramped at approximately 150 psia/sec to the desired level while

maintaining the mixture ratio at 4.0. The oxidizer valve controlled chamber
pressure and the fuel valve controlled mixture ratio. The mixture ratio set point
was changed in steps during the tests so that data were obtained over approxi-

mately a 4 to 6 mixture ratio range.

In separately cooled methane tests, jacket coolant flow was established at
the steady-state level before propellants were supplied to the injector. For
tests with the full length chamber, cold flow tests were conducted with the objec-
tive of determining a sequence that would initiate injector flow after stable
coolant flow was attained, but before the cooling jacket contained a significant
amount of liquid, to avoid a significant upset of the coolant conditions at startup
from the rapid application of heat flux. The coolant inlet valve controlled flow-
rate and the coolant discharge valve controlled jacket exit pressure at a preset
level. The injector propellant control scheme used for the separately cooled
tests was almost identical to that described for the water-cooled tests

(figure 147a).

In regenerative tests, a fuel lead was used. The inlet fuel valve was
opened to establish a low level fuel flow through the chamber and the injector
before the oxidizer control valve was opened. Other control modes used in the
regenerative tests were similar to those of the water-cooled and separately
cooled chamber tests (figure 147b). The fuel lead was 8 and 2 sec in the altitude
and sea level tests respectively.

The test stand sequencer was used in all tests to schedule the control sys-
tem computer and to provide automatic go/no-go checks of critical parameters.

The go/no-go checks consisted of either continuous or intermittent sampling of
critical parameters to determine if the test could be continued safely or if it
should be advanced to shutdown. Examples of these checks are given below.

. To verify ignition early in each test, the continuity of a weighted wire
hanging in the center of the exhaust nozzle was checked. The time
required for the wire to burn through was known and therefore pro-
vided a repeatable verification of timely ignition.

. After stable operation had been attained, chamber pressure was

sampled continuously to ensure that it was above a minimum level
which would result if severe test rig damage or a facility malfunction
occurred.

. The electrical continuity of a leak detection system that was used to
provide an instant indication of leaks in the test stand or test rig
fluorine plumbing, was continuously monitored.
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e For simulated altitude tests, a check of maximum diffuser pressure
was used to ensure that the exhaust pressure did not exceed the

incipient separation level of the 60 to 1 area ratio nozzles.

J In the regenerative tests, the fuel injector pressure drop was
sampled prior to opening the oxidizer valve to ensure flow through

the coolant jacket at start.
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Figure 147. Sequence of Events for Regenerative
Chamber Tests
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A number of purges were used to prevent contamination of the test r ig  
pr ior  to  test and to ensure clearing of propellants at shutdown. With the excep- 
tion of those for the injector, the purges were controlled by valves that were 
sequenced off during the starting transient and were opened as the run valves 
were closed. 

Injector purges remained on throughout the test and relied on redundant 
check valves to prevent backflow. This technique permitted continuous, high 
volumetric purge flows through the injector to prevent aspiration of combustion 
products into the injector manifolds during normal test transients and unexpected 
emergency shutdowns. Helium and nitrogen were used as purges for the oxidizer 
and fuel injectors respectively. 

4. Data Acquisition 

The LPRF central data acquisition system (figure 148) is capable of 
recording the outputs of up to 135 measurement channels from either of the four 
firing bays. Excellent recording accuracy and response a r e  available through a 
100-channel, low level input, analog-to-digital converter. The converter feeds 
a magnetic tape system at sampling rates of 80 scans/sec to provide a data 
sample from each channel every 0.0125 sec. The records from the digital 
recorder were used for performance determination. Two 18-channel oscillographs 
and 14 channels of direct-inking s t r ip  charts a r e  also available and were used 
primarily for monitoring critical parameters during tes ts  and analysis of tran- 
sient behavior. To protect the regenerative chamber, selected wall tempera- 
tures  were monitored on s t r ip  charts during testing. Several tes ts  were 
advanced to shutdown when wall temperatures exceeded a predetermined safe 
value. 

Figure 148. LPRF Data Recording Equipment FD 19757A 
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Tables XXVI and XXVII give the instrumentation and the recording methods
used in the tests. The locations of the instrumentation for the various test con-
figurations are shown on figures 140 through 143.

Continuous remote test observation was possible through the use of six
closed-circuit television channels with individual monitors; color film coverage
was provided by three high speed cameras.

B. PROPELLANT HANDLING

1. Flox

The oxidizer in this program was liquid flox with a nominal fuorine con-
centration of 82.6%. The same procedures used for operation with liquid fluo-
rine were used in handling the flox mixtures. Detailed descriptions of fluorine
handling procedures used by P&WA are presented in references 5 and 26.

The LPRF, where all large scale liquid fluorine and flox operations at the
Florida Research and Development Center are conducted, is west of all other
test facilities and takes advantage of the prevailing easterly winds to carry fluo-
rine vapors and reaction products away from inhabited areas.

Transfers of fluorine or flox at the LPRF are accomplished remotely from
the control room, which is located about 300 ft east of the test stands. Except
for the supplier delivery vehicles which are equipped with manual valves, all
fluorine systems, including the readable Dewars used for storage, are equipped
with remotely operated valves.

In the LPRF, rigorous standards of materials selection, fabrication,
cleaning, passivation, and leak detection are followed for fluorine test facility
design and operations. Metals of proven fluorine compatibility are used. Full
penetration welds are employed wherever possible in lieu of mechanical joints.
Facility valves are of the top entry, solid body type, having copper braid rings
and Teflon chevron stem packings arranged as shown in figure 149. Test stand

fluorine systems are cleaned after installation and or modifications by flushing
with an acidic solvent followed by demineralized water and vacuum drying.
After cleaning, the systems are passivated using gaseous fluorine. Subsystems
and components, such as instrumentation transducers, are individually passi-
vated before installation. In addition, prior to each test the facility was passi-
vated using gaseous fluorine at 15 psig. During this passivation, a complete
sniff check was made on all fluorine joints and valve stems.
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Table XXVI. Instrumentation for Water-Cooled Chamber Tests

Digital Strip
No. Item Recorder Oscillograph Chart Gage

Fuel Run Tank Pressure

Fuel Orifice Upstream X
Pressure

Fuel Orifice Upstream X
Temperature (CC)**

Fuel Orifice Differential X(2)
Pressure

1"

2

3

4

6 X

7 X

I0 X

11

12 X

13

14

15

17 X

5 Fuel Heat Exchanger X X X
Exit Temperature (CA)**

Fuel Heat Exchanger X
Exit Pressure

Fuel Orifice Differential X(2)
Pressure

Fuel Control Valve X
Inlet Pressure

Fuel Control Valve X

Position

Fuel Injector Inlet X
Pressure

Fuel Injector Inlet X

Temperature (CA)

Fuel Injector Differential X
Pressure

Oxidizer Run Tank
Pr es sur e

Oxidizer Flow Nozzle X
Inlet Pressure

Oxidizer Flow Nozzle X

Inlet Temperature (R)

16 Oxidizer Flow Nozzle X(2) X X
Differential Pressure

Oxidizer Flow Nozzle X

Exit Temperature (R)

18 Oxidizer Volumetric X(2) X
Flowrate

X

X

*Numbers refer to locations shown on test stand schematic

**CC = Copper-Constantan thermocouples; CA = Chromel-alumel
thermocouples; R = Resistance-type temperature probe
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Table XXVI. Instrumentation for Water-Cooled Chamber Tests {Continued}

Digital Strip
No. Item Recorder Oscillograph Chart Gage

19

2O

21

22

24

25

Oxidizer Turbine Meter X
Exit Temperature (R)

Oxidizer Control Valve X
Inlet Pressure

Oxidizer Control Valve X
Position

Oxidizer Control Valve X

Body Temperature (CC)

23 Oxidizer Injector Inlet X X
Temperature (R)

Oxidizer Injector Inlet X
Pressure

Oxidizer Injector X
Differential Pressure

26 Chamber Pressure - X(2) X X
Upstream Taps

Chamber Pressure - High X(2)
Frequency Transducer

Chamber Pressure - X(2)

Downstream Taps

Thrust X{2)

Coolant Tank Pressure

Coolant Flowrate X(2)

Coolant Control Valve X

Position

Coolant Inlet Manifold X
Pressure

Coolant Inlet Manifold X

Temperature (CC)

Coolant Bulk Tempera- X (12)
ture (CC)

Coolant Exit Stave X(18)
Temperatures (CC)

Coolant Exit Manifold X

Temperature (CC)

Coolant Exit Manifold X
Pressure

27 Tape
Recorder

28

29

30

31

32

33

34

35

36

37

38

X

X

X

X

X

X

X

X
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Table XXVI. Instrumentation for Water-Cooled Chamber Tests (Continued)

Digital Strip
No. Item Recorder Oscillograph Chart Gage

39 Chamber Hot-Wall X(12) X(12)

Temperatures (CA)

Calculated Fuel Flow X X

(From Control System}

Calculated Mixture Ratio X X

{From Control System)

Sequencer Time X X

Nozzle Exit Pressure X(4) X X

4O

41

42

43

Table XXVII. Instrumentation for Regenerative Chamber Tests

Digital Strip
No. Item Recorder Oscillograph Chart Gage

4

5

6 X X

7

1" Oxidizer Run Tank X
Pressure

Oxidizer Flow Nozzle X
Inlet Pressure

Oxidizer Flow Nozzle X

Inlet Temperature (R)**

Oxidizer Flow Nozzle X(2)
Differential Pressure

Oxidizer Flow Nozzle X

Exit Temperature (R)

Oxidizer Volumetric X (2)
Flowrate

Oxidizer Turbine Meter X

Exit Temperature (R)

8 Oxidizer Supply Line X
Temperature (R)

Oxidizer Control X
Valve Position

Oxidizer Control Valve X

Body Temperature (CC)

Oxidizer Injector Inlet X
Temperature (R)

9 X

10

11 X

*Numbers refer to locations shown on test stand schematics.

**R = Resistance-type temperature probe; CC = Copper- constantan
thermocouples; CA = Chromel-alumel thermocouples
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Table XXVII. Instrumentation for Regenerative Chamber Tests (Continued)

Digital Strip
No. Item Recorder Oscillograph Chart Gage

12

14

15

16

17

18

X

19 X

22

Oxidizer Injector Inlet X
Pressure

13 Oxidizer Injector X X X
Differential Pressure

Coolant Tank Pressure

Coolant Turbine Meter X
Inlet Pressure

Coolant Volumetric Flow X(2)

Coolant Turbine Meter X
Outlet Temperature fit)

Coolant Control Valve X

Inlet Temperature (R)

Coolant Control Valve X
Position

20 Coolant Inlet Manifold X X
Pressure

21 Coolant Inlet Manifold X X X

Temperature (R)

Instrumented Passage X (3)
Flow Orifice A p

Coolant Bulk Tempera- X(36)***
ture (CA)

24 Coolant Outlet Manifold X X X

Temperature (CA)

25 Coolant Outlet Manifold X X X

23

Pressure

Coolant Outlet Control X

Valve Position

Chamber Wall Tempera-
ture (CA)

Chamber Pressure -

Upstream Taps

Chamber Pressure - X(2)
Downstream Taps

26

27 X(36)***

28 X(2)

X

X(6)

X X

29 X

X

***These totals are the number of T. C. 's available; not all of these were

recorded in each test because of data system limitations.
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Table XXVII. Instrumentation for Regenerative Chamber Tests (Continued)
m

Digital Strip
No. Item Recorder Oscillograph Chart Gage

30 Thrust X(2) X

31 Nozzle Exit Pressure X(4) X X

32 Fuel Injector X
Differential Pressure

33 Fuel Injector Inlet X
Temperature (CA)

34 Fuel Injector Inlet X
Pressure

35 Fuel Control Valve X X
Position

36 Fuel Orifice Differential X(2) X
Pressure

37 Fuel Orifice Inlet X X
Pressure

38 Fuel Orifice Inlet X

Temperature (CA)

39 Fuel Heat Exchanger X
Inlet Temperature (CC)

40 Fuel Tube Trailer X
Pressure

41 Fuel Weight Flow X
(calculated)

42 Mixture Ratio X X

(calculated)

For use in the program, flox was obtained premixed and by mixing at
FRDC. One 5000-1b batch of premixed flox was received; however, flow samples
taken at FRDC revealed that the fluorine concentration was excessively high, so

lox had to be added at FRDC to bring it within acceptable limits (82.6% _- 0.5%).
At FRDC liquid flox was prepared in a nitrogen-jacketed roadable dewar by
adding liquid oxygen and liquid fluorine while the dewar was mounted on load

cells. The weight of each constituent added was determined from total dewar
weight monitored and recorded in the control room. The concentration estab-

lished by weighing was then verified by chemical analyses. Samples for analysis
were taken after the entire flox batch was transferred to the oxidizer run tank

and twice recirculated back to the roadable vessel to ensure a uniform mixture.

Samples were obtained by trapping liquid flox in a nitrogen-jacketed chamber.

After trapping the liquid sample, the nitrogen flow to the jacket was secured, a
valve to an evacuated bottle was opened, and the sample was permitted to warm
and evaporate until the system came to equilibrium.
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Figure 149. Liquid Fluorine Facility Valve FD 25686

Flox concentration of the vaporized sample was determined by laboratory
analysis using the wet chemistry, mercury absorption technique. This method
of analysis is one of the oldest techniques for the determination of fluorine con-
centration. It is based upon the rapid absorption of fluorine gas by elemental

mercury to reduce the pressure of a gaseous sample. The quantity of fluorine
absorbed is determined by measurement of the pressure and volume of the

sample before and after absorption.

The mercury-absorption apparatus developed and used at FRDC is shown
schematically in figure 150. It uses a fluorine compatible pressure transducer
to automatically record the pressure of the sample within a constant volume sys-
tem. In operation, a portion of the vaporized flox sample was transferred into
the evacuated reaction chamber. The reference initial pressure was established

at this point and the recorder was set at 100%. A measured quantity of mercury
was then allowed to flow into the reaction chamber. The pressure immediately

decayed as the fluorine was absorbed by the mercury. A magnetic stirrer for
the mercury was provided to disperse the inert interface of mercury fluoride,
which forms on the mercury surface, and thereby to assure complete absorption.

When complete absorption was indicated (by a leveling of the pressure trace on
the recorder), the reaction flask was opened to an evacuated expansion coil having
a volume equal to the volume of the mercury added; thus the system was returned
to its original volume. The pressure recorder then indicated directly the percen-
tage of sample that was not absorbed. With this apparatus, duplicate analyses
of samples in the range of 63%-93% fluorine have shown a repeatability of 0.23%.
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Figure 150. Schematic Diagram of Mercury
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2. Methane

Methane was purchased as a liquid in vacuum-jacketed roadable dewars.
Gaseous methane was made from the liquid as required. Methane presented no
unusual handling problems, so methods commonly used for flammable gases and
cryogenic liquids were used.
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APPENDIX C
DATA REDUCTIONAND PERFORMANCECALCULATIONS

A. DATA ACQUISITION

The low-level input digital recording system at the Liquid Propellant
Research Facility was used during tests to obtain magnetic tape records of all
measuredparameters at a scanninginterval of 0.0125 seconds. A high speed
IBM System360-Model 65digital computer was used to reduce the recorded
data to engineering units andto calculate the time-based averages that are
used for steady-state performance determination. Maximum, minimum, and
3_ levels of the recorded data within the period of the average are printed out
concurrently with the average to provide a convenient reference for critical
review of parameter stability. Oscillograph, strip chart, and scan-to-scan
digital data are also reviewed to ensureparameter stability.

B. PERFORMANCEANALYSIS

Performance parameters not directly measured and the methodsused
for their determination are described in the following paragraphs.

1. Thrust

a. SeaLevel Thrust ChamberTests

Vacuumthrust for chambers tested at sea level conditions was deter-
mined from measured thrust using the relation:

F =F +PA
vac meas a e

b. Altitude Thrust Chamber Tests

The supersonic diffuser described in Appendix B was used to simulate
altitude conditions in all tests of the 60:1 expansion ratio thrust chambers. The
altitude test thrust chambers were mounted so that a portion of the expansion
nozzle projected into the diffuser (figure 151). A low leakage slip seal was

provided at the diffuser entrance to allow free axial nozzle translation. For
tests in the altitude system, the vacuum thrust equation was as follows:

F = F - svac mea -Pdiff (As Ae) + Pa A

2. Thrust Chamber Throat Total Pressure

Throat total pressures were determined from an injector face tap and a

chamber tap located just upstream of the throat. Determination of throat total
pressures from the two taps involved different methods. For the downstream
tap, the measured value corresponds to a static pressure which was converted
to a total pressure by multiplying by 1. 015 (the total-to-static pressure ratio
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from one-dimensional isentropic flow relationships for the chamber contraction
ratio of 4). The pressure measurementat the injector face tap represents a
total pressure before combustion. It was reduced to a throat total pressure by
multiplying by 0. 9862to account for a momentumloss of 1.38%determined
from reference 14.

Pambient

Diffuser

Exit
Area Ae = 323.5 in.2

Seal Area, A s = 592.66 in.2

Figure 151. Schematic Diagram of Chamber-
Diffuser Installation

FD 25688C

3. Performance Parameters

Vacuum thrust and throat total pressure (Pt), determined as outlined in
paragraphs 1 and 2 above, were used to calculate the normal thrust chamber
and engine performance parameters:

Vacuum Specific Impulse

F
vac

Ivac -
"&o + wf

Characteristic Exhaust Velocity

C*(pc)

PtCDAtgc

o + v_f

Vacuum Thrust Coefficient

C F
vac

Fvac Ivacgc

PtCDAt c* (Pc)
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4. Theoretical Performance Parameters

Performance efficiencies were determined using full shifting equilibrium
performance values, calculated with thermochemical data published by the
Joint Army-Navy-Air Force (JANAF) Thermochemical Panel. Becausepro-
pellant performance is a function of chamber pressure, mixture ratio, expansion
ratio, propellant inlet energy and heat loss to the thrust chamber coolant, curve
fits of the theoretical data were stored as permanent data in the computer pro-
gram employedfor performance calculations. The theoretical performance
parameters are:

Theoretical Vacuum Specific Impulse

rvac = fl IPt ' r, e, AH i, QI

and

Theoretical Characteristic Exhaust Velocity

c*' = f2 IPt ' r, AH i, Qcl

In these equations, Pt, r, and { are the throat total pressure, mixture
ratio and expansion ratio respectively; &Hi, Q and Qc are factors which correct
the theoretical values to the actual test conditions. The first term, &Hi, was
used to correct for deviations of the actual injector inlet conditions from the

reference normal boiling point liquid inlet state.

The term, Q, in the theoretical impulse equation, represents the heat
transferred to the thrust chamber coolant. In water-cooled and separately
cooled methane tests, Q was equal to the measured heat loss to thrust chamber

coolant. In regenerative tests, Q was also made equal to the heat loss of the
fuel coolant; however, since the Iva c was based on fuel injector inlet conditions,
the resulting value was equivalent to that computed for Q = O, but using the

thrust chamber inlet fuel temperature as the basis for Iva c.

The term, Qc, in the theoretical c* equation, corresponds to the heat
transferred to the combustion chamber wall. In all tests, the measured heat

loss to the coolant between the throat and the injector was used as Qc.

Thus in all cases, the theoretical I'va c and c*' values represented values
based on injector inlet conditions and were adjusted downward for appropriate
heat losses.

5. Performance Efficiencies

The theoretical and measured performance parameters were used to com-
pute the following efficiencies:
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Ideal Specific Impulse Efficiency

I
-qI _ vac x 100

vac I'
vac

The discharge coefficient (CD) used in these equations was established
from the curve shown in figure 152. As noted in the figure, the value is equal
to 0. 985 for the geometry of the 5K thrust chambers. The curve in this figure
is from reference 27.

1.00
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W

0.98

M.
IJ.

MJ

O
(3

IJJ

0.96
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<_

w 0.94
.J

N
N
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Z

0.92
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/
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9

0.2 0.4
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I
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1.0 1.2 1.4

Figure 152. Throat Discharge Coefficient as
a Function of the Thrust Chamber
Dimensions

FD 20974A

The throat area (At) used in the calculations represented the measured
value corrected for expansion at operating temperatures. In the water-cooled
chamber tests, the expansion of the throat was negligible because the backwall
of the THERMAL SKIN chamber was very nearly ambient temperature. In the
regenerative tests, however, the throat station backwall temperature was
appreciably different from ambient (as much as 975°R) and, therefore, the
measured throat area was corrected upwards to account for thermal expansion;
the maximum correction to the throat area amounted to 0.73%.

Characteristic Exhaust Velocity Efficiency

c*(pc)
_?c* - x 100

(Pc) c*'
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Vacuum Thrust Coefficient Efficiency

77I
_]CF _ vac x 100

vac 7)c*(Pc)

In the sea level tests, a c* efficiency was calculated from thrust measure-
ments to provide an independent check on chamber pressure based values. It
was calculated from the following equation:

HI
Wc* _ vac

(F) C
S

In this equation, V/Iva c and Cs are the measured vacuum impulse and the
calculated stream thrust coefficient, respectively, for the low expansion ratio

(6.5 to 1) nozzles. The C s value was computed using the method of character-
istics and accounts for the effects of wall friction and exit divergence
(reference 28).

C. EXPERIMENTAL DATA ERROR ANALYSIS

To validate the experimental performance data, a statistical error analysis
was made for a typical injector/chamber test. Estimates of performance data

uncertainty were obtained by combining the precision and bias estimates for the
individual parameters using a statistical variation analysis (reference 29).
Basically, the precision error of a function may be estimated by combining the
precision errors of the independent variables of that function in the following
manner:

where:

S¢2 = _ _2 IS )2

= estimate of the precision error for the parameter (would be la
precision for infinite sample)

- the partial derivative of the function with respect to the ith
_xi variable

S = the precision error estimate value associated with the ith
X.

1 variable.

For example, in calculating characteristic exhaust velocity based on
chamber pressure

AtgcP t
C*

(Pc) _vP
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The precision error estimate, Sc,, is given by:

/_c*_ 2 /_c*_ 2 c )2

where:

/_/ - gcPt

_Vp

(_c*_ _ Atgc

(_c*__ = AtgcPt

The bias limit associated with each function is estimated from identical

equations, but substituting the bias limit of each parameter for the precision
error. Using the methods suggested by the ICRPG Experimental Measurements
Committee (reference 30), the uncertainty of each parameter was calculated
from

U¢ = :_[B¢ + 2S¢]

where Be is the bias limit and So is the precision. The 2S0 value of the un-
certainty, U¢, implies that a 95%-confidence-interval estimate is used to
represent the precision portion of uncertainty. U¢ therefore represents the
limits around the true value beyond which no data would reasonably be expected
to fall.

The uncertainty estimates for the engine performance parameters are
given in table XXVIII. The uncertainty estimates presented are somewhat

pessimistic because, while they reflect the increased accuracy from redundant
measurements, they do not reflect the improvement obtained by time averaging.
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Attn: Library

Western Division

McDonnell-Douglas Astronautics
5301 Bolsa Avenue

Huntington Beach, California 92647

Attn: Library

McDonnell Douglas Aircraft Corporation
P. O. Box 516

Lambert Field, Missouri 63166
Attn: Library

Rocketdyne Division
North American Rockwell Inc.

6633 Canoga Avenue
Canoga Park, California 91304
Attn: Library, Dept. 596-306

Space & Information Systems Division
North American Rockwell

12214 Lakewood Blvd.

Downey, California

Attn: Library

Northrop Space Laboratories
3401 West Broadway
Hawthorne, California
Attn: Library

Purdue University
Lafayette, Indiana 47907
Attn: Library (Technical)

Radio Corporation of America
Astro-Electronics Products

Princeton, New Jersey
Attn: Library

Rocket Research Corporation
Willow Road at 116 Street

Redmond, Washington 98052
Attn: Library

Designee

J. Fern

R. W. Hallet

G. W. Burge
P. Klevatt

R. A. Herzmark

Dr. R. J. Thompson
S. F. Iacobellis
R. Pauckert

Dr. Win. Howard

Dr. B. Reese

F. McCullough, Jr.
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Stanford Research Institute
333 Ravenswood Avenue

Menlo Park, California 94025

Attn: Library

Thiokol Chemical Corporation
Redstone Divis ion

Huntsville, Alabama
Attn: Library

TRW Systems Inc.
1 Space Park

Redondo Beach, California 90278
Attn: Tech. Lib. Doc. Acquisitions

United Aircraft Corporation
Corporation Library
400 Main Street

East Hartford, Connecticut
Attn: Library

06108

United Aircraft Corporation
United Technology Center
P. O. Box 358

Sunnyvale, California 94038
Attn: Library

Vickers, Inc.
Box 302

Troy, Michigan

Vought Astronautics
Box 5907

Dallas, Texas
Attn: Library

Designee

Dr. G. Marksman

John Goodloe

D. H. Lee

H. Burge

Dr. David Rix
Erie Martin
Frank Owen

Wm. E. Taylor

Dr. D. Altman
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